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Summary of Document Structure
This Recommended Practices for the Characterization of Hydrogen Storage Materials
document provides an introduction to and overview of the recommended best practices
in making measurements of the hydrogen storage properties of materials. Due to the
breadth of the subjects covered, material will be presented in its most concise and
accessible form. The authors will use examples from literature to add clarity to key
topics and to provide the reader with avenues for further detailed inquiry into a specific
subject. The Recommended Practices document is divided into an introductory section
and will be followed by four or more chapters that cover the topic areas of:
concentration and capacity, kinetics, thermodynamics and cycle life measurements of
hydrogen storage materials as well as other important hydrogen storage materials
properties.
The introductory section provides the reader with the background information needed
for making hydrogen storage measurements. The introduction covers the following
main topics: 1) evaluating the experimental setup and procedures with respect to the
ultimate purpose for making a set of measurements, 2) the relationships between direct
and indirect (measureable vs. derived) quantities (which we will refer to as variables)
used to describe hydrogen storage materials properties, and 3) an overview of common
methods used to measure these hydrogen storage properties.
The introduction will be followed by separate chapters covering the recommended
practices associated with the measurement of concentration and capacity, kinetics,
thermodynamics and cycle-life properties among others. These chapters will each
include: a review of theory, an evaluation of the purpose of measurements for the
selection of appropriate methods, and detailed experimental considerations that are of
particular importance to each property being measured.

Citation Information
It is requested that the following information be used when referencing this document
in publications: Gross, K.J., Carrington, R.K., Barcelo, S., Karkamkar, A., Purewal, Ma, S.,
Zhou, H-C., Dantzer, P., Ott, K., Burrell, T., Semeslberger, T., Pivak, Y., Dam, B., Chandra,
D., and Parilla, P., “Recommended Best Practices for the Characterization of Storage
Properties of Hydrogen Storage Materials”, (2011) V3-5 U.S. D.O.E. Hydrogen Program
document, available online at:
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/best_practices_hydrogen_storage.pdf
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1 Mission
The ultimate goal of the United States Department of Energy’s Hydrogen Storage
Program is the development of hydrogen storage materials that meet or exceed the
DOE’s targets for onboard hydrogen storage in a hydrogen-powered vehicle. The recent
rapid expansion of research efforts in this field has brought the talents of a wide range
of researchers to bear in solving the grand challenge of hydrogen storage. There is a
need for common metrics and recommended practices for measuring the practical
hydrogen storage properties of new materials that are being developed within the US
DOE Hydrogen Storage Program as well as at an international level. A clear and
comprehensive resource that will provide guidelines to common metrics and
recommended practices in the measurements of hydrogen storage properties is critical
to the success of the Hydrogen Storage Program.

1.1 Objective
The objective of this Recommended Practices for the Characterization of Hydrogen
Storage Materials Project is to create a reference guide of common methodologies and
protocols for measuring critical performance properties of advanced hydrogen storage
materials. This document is designed to serve as a resource to the hydrogen storage
materials development community to aid in clearly communicating the relevant
performance properties of new materials as they are discovered and tested.

1.2 Benefit to the DOE
The benefit of this series of Recommended Practices reference guides to the DOE is to
facilitate the transfer of knowledge and experience in making these critical
measurements from some of the world’s experts in this field to the entire DOE and
world-wide hydrogen storage community. The short-term benefit will be to provide a
clear knowledge base in the form of a published resource to aid those just entering this
rapidly expanding field. The long-term benefit will be to create strong ties between
government, university, and small and large business entities that will lead to more
open communications and ideally the establishment of uniform measurement practices
and reporting.
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2 Recommended Reading
This document is not meant to be a thorough review of the leading work in this field,
but rather an overview and series of instructive examples of important issues
concerning the measurement of the kinetic properties of hydrogen storage materials.
The following resources are a good place to find more detailed information on the key
topics.

2.1 Hydrogen Storage
-

The book “Solid-state hydrogen storage: materials and chemistry”, edited by
Walker. 1

-

The book “Hydrogen Storage Materials (Materials Science Forum)” edited by
Barnes. 2

-

The review article “Hydrogen-storage materials for mobile applications” by
Schlapbach and Züttel.3

-

European Commission Joint Research Centre Institute for Energy (JRC) Scientific
and Technical Reports by D. P. Broom, “Hydrogen Sorption Measurements on
Potential Storage Materials”. 4

2.2 Hydrides
-

The book “Hydrides” by Wiberg and Amberger. 5

2.3 Metal Hydrides
-

The book “Metal Hydrides” edited by Muller, Blackledge, and Libowitz.6

-

The book “Transition Metal Hydrides” edited by Dedieu.7

-

The review article “A panoramic overview of hydrogen storage alloys from a gas
reaction point of view” by Sandrock.47,59

2.4 Off-board Regenerable Hydrogen Storage Materials
-

The article “Ammonia–borane: the hydrogen source par excellence?“ by Frances
H. Stephens, Vincent Pons and R. Tom Baker. 8
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-

The chapter “Aluminum Hydride” by Ragaiy Zidan in the book, “Handbook of
hydrogen storage: New Materials for Future Energy Storage”. 9

2.5 Physisorption Storage
-

The review article “Hydrogen adsorption and storage on porous materials” by K.M.
Thomas.10

-

The review article “Review of hydrogen storage by adsorption in carbon
nanotubes” by Darkrim, Malbrunot and Tartaglia. 11

-

The journal article “Hydrogen
Frameworks” by Rosi et al. 12

Storage

in

Microporous

Metal-Organic

2.6 Kinetics
-

The book “Basic Chemical Kinetics” by Eyring, Lin and Lin. 13

-

The book “Chemical Kinetics and Reaction Mechanisms” by Espenson.14

-

The book “Chemical Kinetics and Catalysis.” By, Richard I. Masel. 15

-

The book “Chemical Kinetics.” by J. E.Nicholas.16

2.7 Thermodynamics
-

The review article “Materials for hydrogen storage: current research trends and
17
perspectives” by A.W.C. van den Berg and C.O. Arean.

-

The article “Heat of Adsorption for Hydrogen in Microporous High-Surface-Area

-

Materials” by B. Schmitz, U. Muller, N. Trukhan, M. Schubert, G. Ferey, and M.
Hirscher. 18

-

“Perry's Chemical Engineers' Handbook” by R. H. Perry and D. W. Green.19

-

B. N. Roy (2002). Fundamentals of Classical and Statistical Thermodynamics. John
Wiley & Sons. ISBN 0-470-84313-6. 20

-

F. Reif (1965). "Chapter 5 – Simple applications of macroscopic thermodynamics".
Fundamentals of Statistical and Thermal Physics. McGraw-Hill. ISBN
0070518009.21
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3 The International System of Units (SI)
In this document SI (System International) units will be used wherever possible. In some
cases, example data is presented in its original form (for example: atm for pressure rather
than kPa or bar). It is the recommendation of this Best Practices document that SI units be
used to present results in the field of Hydrogen Storage. The following is a brief introduction
to SI unit conventions. 22

3.1 Symbols for the Seven Base Units
The base units of the International System are listed in Table 1, which relates the base
quantity to the unit name and unit symbol for each of the seven base units.

The symbols for quantities are generally single letters of the Latin or Greek alphabets, printed in an
italic font, and are recommendations. The symbols for units are mandatory

Table 1. SI base units.22,23

3.2 SI Derived Units
Derived units are products of powers of base units. Coherent derived units are products of
powers of base units that include no numerical factor other than 1. The base and coherent
derived units of the SI form a coherent set, designated the set of coherent SI units.
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3.3 Derived Units Expressed in Terms of Base Units
The number of quantities in science is without limit, and it is not possible to provide a
complete list of derived quantities and derived units. However, Table 2 lists some examples
of derived quantities, and the corresponding coherent derived units expressed directly in
terms of base units.

Table 2. Examples of coherent derived units in the SI expressed in terms of base
units.22

3.4 Units with Special Names and Symbols; Units that Incorporate
Special Names and Symbols
For convenience, certain coherent derived units have been given special names and
symbols. There are 22 such units, as listed in Table 3. These special names and symbols may
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themselves be used in combination with the names and symbols for base units and for
other derived units to express the units of other derived quantities.
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Table 3. Coherent derived units in the SI with special names and symbols.22
Some examples are given in Table 4. The special names and symbols are simply a compact
form for the expression of combinations of base units that are used frequently, but in many
cases they also serve to remind the reader of the quantity involved. The SI prefixes may be
used with any of the special names and symbols, but when this is done the resulting unit
will no longer be coherent.
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Table 4. Examples of SI coherent derived units whose names and symbols include
SI coherent derived units with special names and symbols.22

The values of several different quantities may be expressed using the same name and
symbol for the SI unit. Thus for the quantity heat capacity as well as the quantity entropy,
the SI unit is the Joule per Kelvin. It is therefore important not to use the unit alone to
specify the quantity. This applies not only to scientific and technical texts, but also, for
example, to measuring instruments (i.e. an instrument read-out should indicate both the
unit and the quantity measured).

A derived unit can often be expressed in different ways by combining base units with
derived units having special names. Joule, for example, may formally be written newton
meter, or kilogram meter squared per second squared. This, however, is an algebraic
freedom to be governed by common sense physical considerations; in a given situation
some forms may be more helpful than others.

In practice, with certain quantities, preference is given to the use of certain special unit
names, or combinations of unit names, to facilitate the distinction between different
quantities having the same dimension. When using this freedom, one may recall the process
by which the quantity is defined. For example, the quantity torque may be thought of as the
cross product of force and distance, suggesting the unit newton meter, or it may be thought
of as energy per angle, suggesting the unit joule per radian. The SI unit of frequency is given
as the hertz, implying the unit cycles per second; the SI unit of angular velocity is given as
the radian per second; and the SI unit of activity is designated the becquerel, implying the
unit counts per second. Although it would be formally correct to write all three of these
units as the reciprocal second, the use of the different names emphasizes the different
nature of the quantities concerned. Using the unit radian per second for angular velocity,
and hertz for frequency, also emphasizes that the numerical value of the angular velocity in
radian per second is 2π times the numerical value of the corresponding frequency in hertz.

3.5 Concentrations and Related Quantities
In chemistry, concentration is defined as the quantity of a constituent divided by the total
volume of a mixture. Concentration can be expressed in terms of: mass concentration,
molar concentration, number concentration, and volume concentration. 24 The term
concentration can be applied to any kind of chemical mixture, but most frequently it refers
to solutes in homogeneous solutions.
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Concentration type

Symbol

Definition

SI-unit
3

mass concentration

ρi or γi

mi / V

kg/m

molar concentration

ci

ni / V

mol/m3

g/100mL (=g/dL)
M (=mol/L)

3

1/cm3

number concentration

Ci

Ni / V

1/m

volume concentration

φi

Vi / V

m3/m3

Related quantities

Symbol

Definition

SI-unit

normality

other unit(s)

ci / feq

mol/m

3

other unit(s)
M (=mol/L)

molality

mi

ni / msolvent

mol/kg

mole fraction

xi

ni / ntot

mol/mol

ppm, ppb, ppt

mole ratio

ri

ni / (ntot − ni)

mol/mol

ppm, ppb, ppt

mass fraction

wi

mi / mtot

kg/kg

ppm, ppb, ppt

mass ratio

ζi

mi / (mtot − mi)

kg/kg

ppm, ppb, ppt

Table 5. Table of concentrations and related quantities.
While hydrogen storage capacity is often expressed as mass fraction (g H2/ g sample) it is
more appropriate for comparing different hydrogen storage materials and systems to
express hydrogen storage capacity in terms of weight percent [wt.%] (g H2/ (g H2 + g
sample)).

3.6 Recommended (SI) Units for Hydrogen Storage
Many different units (SI and otherwise) 25 have been used in hydrogen storage materials
research and development literature over the years. To facilitate direct comparison of
measured results, the following units are recommended for all publications and
presentations in this field. Note that Quantities indicated with and asterisk (*) are modified
SI units that are recommended because of a more direct physical relationship with the
quantities generally measured in hydrogen storage materials research and development.
These quantities typically are a decimal fraction (1/1000) of the base SI unit.
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Quantity

Unit

Symbol

Expressed in terms of
SI base Units

length

centimeter

l, x, r, etc.

cm

area

square centimeter

A

cm2

volume

milliliter

V

ml or cm3

mass

gram

m

g

density

Gram/cubic cm

ρ

gm cm-3

pressure

bar

P

bar

temperature*

Celsius

T

°C

temperature*

Kelvin

T

K

capacity

wt. %

g H2 (g sample + g H2)-1

Gravimetric
System capacity

specific energy

kW hr kg-1

Volumetric
System capacity

energy density

kW hr L-1

rate

wt.%/minute

g H2 minute-1 (g sample + g H2) -1

heat

kilojoules

Q

kJ (mol H2) -1

enthalpy†

kilojoules/mole

∆H

kJ (mol H2) -1

activation
energy†

kilojoules/mole

EA

kJ (mol H2) -1

entropy†

joules/ K mole

∆S

J K-1 (mol H2) -1

heat capacity

joules/ K

C, Cp, Cv

J K-1

specific heat
capacity

joules/ K gram

[C]

J K-1 g-1

Gas Constant

83.14472

R

cm3bar/Kmol H2

* Celsius for ambient and elevated temperatures Kelvin for cryogenic temperatures
†
of formation, reaction, decomposition….
Table 6. Recommended units for the presentation of hydrogen storage materials
properties.
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4 Definitions
A recommended reference for detailed materials, chemistry and measurement definitions
can be found in publications by IUPAC the International Union of Pure and Applied
Chemistry. 26

4.1 Terminology
For all sorption mechanisms, the suffix -ate (sorbate) refers to the substance taken up while
-ent (sorbent) refers to the sorbing substance. The suffix -tive (sorptive) refers to the
sorbate substance in its natural state, i.e. the bulk gas state. The coupled terms are
27
generally considered counterparts.

4.2 Sorption and Desorption
Sorption is the non-specific term that describes both adsorption and absorption. It is most
often used when it is difficult or impossible to differentiate between adsorption and
absorption or when both processes occur simultaneously. Desorption is the inverse process
of sorption. It is important to note that the sorption and desorption of the sorbate by the
sorbent is a dynamic process.

4.3 Adsorption and Absorption
Adsorption is the enrichment or depletion of one or more components in an interfacial
layer. Absorption occurs when the adsorbates are incorporated into the internal structure
of the adsorbent. In absorption, the structure and/or the chemical nature of the absorbate
and absorbent may be modified. It is important to keep in mind that adsorption and
absorption refer to the location of the sorbed species with respect to the sorbent, i.e.
surface or bulk respectively.

4.4 Chemisorption and Physisorption
Chemisorption or chemical sorption is a surface specific phenomenon, and occurs when the
interaction forces between a surface and an adsorbate are of the same general strength as
found in chemical bonding in bulk compounds. Physisorption, or physical sorption, is
restricted to adsorption and occurs when the forces involved are weak intermolecular
forces of the same kind as those responsible for the non-ideality of gases and the
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condensation of vapors. Weak intermolecular forces are also known as van der Waals
forces. Physisorption does not involve a significant change in the electronic structure of the
species involved. For a molecular adsorbate where no bond dissociation occurs, it is often
difficult to draw a boundary in the energy landscape between strong physisorption and
weak chemisorption. It is useful to make a distinction between molecular physisorption, in
which the H-H bond in the gas phase is preserved in the sorbed state, and chemisorption, in
which the H-H bond is broken during the sorption process. Also, as described in more detail
below, chemisorption may occur only in a monolayer on a surface, whereas physisorption is
usually accompanied by multilayer adsorption depending upon the temperature.
The following excerpt from D.H. Everett’s IUPAC publication; “Manual of Symbols and
Terminology for Physicochemical Quantities and Units” provides a short synopsis on
differentiating chemisorption from physisorption. 28
“Chemisorption (or chemical adsorption) is adsorption in which the forces involved
are valence forces of the same kind as those operating in the formation of chemical
compounds. The problem of distinguishing between chemisorption and
physisorption (see below) is basically the same as that of distinguishing between
chemical and physical interaction in general. No absolutely sharp distinction can be
made and intermediate cases exist, for example, adsorption involving strong
hydrogen bonds or weak charge transfer.
Some features which are useful in recognizing chemisorption include:
(a) the phenomenon is characterized by chemical specificity;
(b) changes in the electronic state may be detectable by suitable physical means
(e.g. u.v., infrared or microwave spectroscopy, electrical conductivity, magnetic
susceptibility);
(c) the chemical nature of the adsorptive(s) may be altered by surface dissociation or
reaction in such a way that on desorption the original species cannot be recovered;
in this sense chemisorption may not be reversible;
(d) the energy of chemisorption is of the same order of magnitude as the energy
change in a chemical reaction between a solid and a fluid: thus chemisorption, like
chemical reactions in general, may be exothermic or endothermic and the
magnitudes of the energy changes may range from very small to very large;
(e) the elementary step in chemisorption often involves an activation energy;
(f) where the activation energy for adsorption is large (activated adsorption), true
equilibrium may be achieved slowly or in practice not at all. For example in the
adsorption of gases by solids the observed extent of adsorption, at a constant gas
pressure after a fixed time, may in certain ranges of temperature increase with rise
in temperature. In addition, where the activation energy for desorption is large,
removal of the chemisorbed species from the surface may be possible only under
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extreme conditions of temperature or high vacuum, or by some suitable chemical
treatment of the surface;
(g) since the adsorbed molecules are linked to the surface by valence bonds, they
will usually occupy certain adsorption sites on the surface and only one layer of
chemisorbed molecules is formed (monolayer adsorption, see §1.1.7).
Physisorption (or physical adsorption) is adsorption in which the forces involved are
intermolecular forces (van der Waals forces) of the same kind as those responsible
for the imperfection of real gases and the condensation of vapors, and which do not
involve a significant change in the electronic orbital patterns of the species involved.
The term van der Waals adsorption is synonymous with physical adsorption, but its
use is not recommended.
Some features which are useful in recognizing physisorption include:
(a') the phenomenon is a general one and occurs in any solid/fluid system, although
certain specific molecular interactions may occur, arising from particular geometrical
or electronic properties of the adsorbent and/or adsorptive;
(b') evidence for the perturbation of the electronic states of adsorbent and
adsorbate is minimal;
(c') the adsorbed species are chemically identical with those in the fluid phase, so
that the chemical nature of the fluid is not altered by adsorption and subsequent
desorption;
(d') the energy of interaction between the molecules of adsorbate and the
adsorbent is of the same order of magnitude as, but is usually greater than, the
energy of condensation of the adsorptive;
(e') the elementary step in physical adsorption from a gas phase does not involve an
activation energy. Slow, temperature dependent, equilibration may however result
from rate-determining transport processes;
(f') in physical adsorption, equilibrium is established between the adsorbate and the
fluid phase. In solid/gas systems at not too high pressures the extent of physical
adsorption increases with increase in gas pressure and usually decreases with
increasing temperature. In the case of systems showing hysteresis the equilibrium
may be metastable;
(g') under appropriate conditions of pressure and temperature, molecules from the
gas phase can be adsorbed in excess of those in direct contact with the surface.”
The terminology “adsorbate” in f’ above refers to the adsorbed molecules of gas. However,
in general “adsorbate” refers generally to the gas that has been or is capable of being
adsorbed, so it may include non-adsorbed species. Line g’ above points out the important
issue that the gas may experience attractive adsorptive interaction while not being in direct
contact with the surface. Thus, the adsorption layer may be thicker than a monolayer of
gas. For more details, the reader is encouraged to review the related publications by
Everett.27,28
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4.4.1 Physisorption

Figure 1. Illustration of the components of a physisorption system. 29
Physisorption is a universal interaction between a gas and an adsorbent surface (Figure 1).
The origins of H2 physisorption are attractive dispersion interactions (i.e. London
interactions) and short-range repulsion. The dispersion forces arise from spontaneous
resonant fluctuations of electron density in one atom which induce a transient dipole
moment in a neighboring atom. Since H2 contains only two electrons, the dispersion
interactions are weak. Therefore, the energy minimum of the total interaction pair potential
is small, and is on the same order as the thermal energies of the adsorptive particles at
ambient conditions. Physisorption is, therefore, only observed in significant amounts at
cryogenic temperatures. Frequently, the adsorbent sample is kept at 77 K (N2 boiling point)
or 87 K (Ar boiling point) in experiments. Liquid N2-based cryostats are often used to obtain
a greater temperature range above 77 K. Adsorption is exothermic, and enthalpies between
4 and 10 kJmol-1 are typically reported for H2 physisorption.
The critical temperature (Tc) is the temperature above which a bulk gas cannot be liquefied
by increasing the pressure. The critical temperature of H2 is 33 K. In almost all studies of
hydrogen physisorption, the sample is kept at temperatures well above Tc and therefore
hydrogen is supercritical. The saturation pressure (P°) for supercritical H2 adsorption does
not exist, although empirical values are sometimes utilized for the purpose of modeling the
isotherms. As a result, hydrogen adsorption isotherms can extend up to high pressures and
are often denoted “high-pressure isotherms.” Supercritical isotherms are generally
characterized by a decrease of the saturation adsorption amount (nsat) with temperature.30
The decrease in the maximum adsorption amount (nsat) is not predicted by standard
monolayer adsorption models (e.g. the Langmuir model) likely because they do not take
into account the energy heterogeneity of sorption sites and the expansivity of the adsorbed
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layer. On the other hand, supercritical adsorption in several MOFs near saturation was
found to lead to the entire filling of the porous structure with hydrogen exhibiting
essentially liquid state properties. 31,32 The isotherms could be modeled with the DubininAstakhov equation which accounts for decrease of nsat with temperature by a coefficient of
thermal expansion associated to the adsorbed phase. 33 In this model, heterogeneity is
considered pore distribution. Finally, supercritical adsorption, when reported as an excess
quantity, exhibits a characteristic maximum. The subsequent decrease can be explained in
terms of mass of gas displaced by the adsorbed phase volume, which becomes significant
31,32
near saturation.

4.5 Spillover
Hydrogen spillover is dissociative chemisorption of dihydrogen onto a metal particle
followed by migration of hydrogen atoms onto the surface of the bulk material and
34,35,36
Spillover is highly dependent on
subsequent diffusion away from the receptor site.
the metal, the support and the interaction between the two. Typically graphitic or nanostructured carbon is used as support because of its high specific surface area that enhances
capacity. It has been illustrated in the literature that the generation of “bridges” between
37
the metal and the support can further enhance spillover capacity. One example
conceptual diagram is shown in Figure 2.

Figure 2. Conceptual diagram of Strategy for storage by spillover: (A) Supported
metal catalyst for H2 dissociation; (B) Sorbent as receptor for H; (C) Building carbon
bridges (by carbonization of a precursor) for spillover, resulting in a composite
sorbent. 38
This ‘bridge’ concept is a useful to visualize spillover, however there is still considerable
discussion and research into the mechanism and extent of spillover at this
time.37, 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 However, this discussion in the literature illustrates the
importance and need of a uniform Best Practices procedure for the evaluation of the
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hydrogen sorption on carbon substrates especially when one has a need to contrast and
compare “apples to apples” in the literature.
Spillover materials are an excellent example, where an especially high level of care must be
exercised in the measurement to correctly ascertain the amount of hydrogen uptake. The
very high surface area and presence of highly reactive catalysts in the matrix are known to
be prone to side reactions or impurity effects that can be easily misinterpreted as excessive
or minimized hydrogen uptake or release. For example, significant weight increase may be
observed due to the reaction of hydrogen with weakly bound oxygen to form water or
carbon atoms to form hydrocarbons. Similarly, impurities in the gas steam, even at ppm
levels, can react with active components of the sample material and be detected as an
increase in the sample mass. Conversely, the desorption of impurities (water, hydrocarbons,
nitrogen compounds…) would be observed in gravimetric measurements as a sample
weight loss. Without direct measurements of the sample and/or gas composition,
gravimetric measurements of weight change may be mistaken as hydrogen uptake or
release leading to ‘false positive’ measurements. Typically, these reactive processes will
disappear after one or more hydrogen sorption cycles and this should provide a strong
indication that weight changes are the result of secondary effects. Volumetric
measurements are not as prone to such ‘false positive’ errors as these secondary reactions
or impurity effects generally do not cause a significant change in the surrounding gas
pressure. On the contrary, impurities may deactivate (or passivate) the sample, impeding
hydrogen uptake, and result in a ‘false negative’ hydrogen capacity result when performing
volumetric measurements. Another important difference between measuring spillover
sorption versus the high surface area physisorption is in the tolerance in system leakage.
Since the kinetics of spillover are slow compared to the nearly instantaneous physisorption
process, the tolerance in leakage for measuring spillover needs to be substantially lower, or
false results may occur. Ultimately, as in any sorption process, significant differences
observed in a material’s hydrogen storage capacity that is dependent on the method of
measurement is a strong indication of systematic error within a system and/or secondary
reactions and/or impurity effects. Spillover demonstrates the importance and complexity of
sorption measurements and how they are not “turn key” procedures.

5 Materials
Materials for hydrogen storage can be divided into two families: hydrides (atomic hydrogen
resides mainly in the bulk of the material) 47, (this includes hydriding alloys, molecular
hydride complexes, and other molecular covalent compounds such as amine complexes,
and hydrocarbons) and physisorbed high-surface-area materials (hydrogen resides mainly
as molecular hydrogen on the surface of the material)48 (this includes carbon fullerenes,
nano-tubes and highly porous media like metal-organic frameworks and aerogels).
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5.1 Hydrogen Storage Materials Based on Physisorption of Molecular
Hydrogen
5.1.1 Nano-Structured Materials
Nano-structured materials have much higher surface area to volume ratios than bulk
materials, enabling increased adsorption. Nano-structuring of materials also improves
reaction kinetics by increasing the diffusivity, reducing the reaction distance and increasing
the reaction surface area. Metal hydrides and hydride complexes can be nano-structured by
a variety of different processes including sputtering, pulsed laser deposition, and
mechanical milling.
Nano-structured carbons, such as nanotubes, fullerenes and graphitic sheets are examples
of nano-structured materials that have been extensively studied for hydrogen storage.
5.1.2 Porous Materials
Porous materials are being studied for use as hydrogen storage media due to their high
surface area to volume ratio and the ability of hydrogen to adsorb to these internal and
external surfaces. Moreover, for microporous materials, (pore width <2 nm), attractive
physical potentials from opposite walls can overlap leading to a fully active space for the gas
to adsorb. Therefore, such nanoscale pores can offer interesting gains over compression
comparatively to macro pores, where such overlap is virtually absent and gas is stored
mainly under a compressed state into the larger voids. Although adsorption via
physisorption is significant for porous media, absorption may also contribute to the overall
hydrogen storage capacity of advanced materials. Examples of porous materials being
investigated for hydrogen storage are various forms of aerogels, clathrates, carbon-based
materials and metal-organic frameworks (MOFs). The advantage of using an adsorbent over
simple compression is temperature and pressure dependent as shown in the Capacity
section 1.4.11 .

5.2 Hydrogen Storage Materials Based on Hydride or Covalent Bond
Formation
Hydride is the name given to the negative ion of hydrogen, H−. Practically, the term hydride
has two distinct but overlapping meanings. In the chemical vernacular the term hydride
refers to a hydrogen atom that formally reacts as a hydrogen anion under common
conditions as well as hydrogen atoms directly bonded to metal atoms regardless of their
reactivity. The second older meaning of hydride refers to any compounds hydrogen forms
with other elements, ranging over most of the periodic table, groups 1–16. This second
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meaning is dealt with only in terms of formal nomenclature at the end of the article; the
rest of the article concerns the popular meaning. 49,50
Hydrides bonds range from very covalent to very ionic as well as multi-centered bonds and
metallic bonding. Hydrides can be components of discrete molecules, oligomers or
polymers, ionic solids, chemisorbed monolayers, bulk metals, and other materials. While
hydrides traditionally react as Lewis bases or reducing agents it is also common for some
metal hydrides to react as hydrogen radicals or as protonic acids.
Various metal hydrides are currently being studied for use as a means of hydrogen storage
in fuel cell-powered electric cars and in batteries. The group 14 hydrides are already of vast
importance in storage battery technologies. They also have important uses in organic
chemistry as powerful reducing agents, and many promising uses in a hydrogen economy.
Free hydride anions exist only under extreme conditions similar to the way that free
protons also exist only under extreme conditions. Still there are many examples of
hydrogen atoms that formally react as hydrides.
Aside from electride, the hydride ion is the simplest possible anion, consisting of two
electrons and a proton. Hydrogen has a relatively low electron affinity, 72.77 kJ/mol and
reacts exothermically with protons a powerful Lewis base.
H− + H+ → H2; ΔH = −1676 kJ/mol
The low electron affinity of hydrogen and the strength of the H–H bond (∆HBE = 436 kJ/mol)
means that the hydride ion is a strong reducing agent:
H2 + 2e− → 2H−; Eo = −2.25 V

5.2.1 Types of Hydrides
According to the former definition every element of the periodic table (except some noble
gases) forms one or more hydrides.50 These compounds have been classified into three
main types according to the nature of their bonding:
Ionic hydrides; which have significant ionic character, Covalent hydrides; which include the
hydrocarbons and many other compounds, and Interstitial hydrides; which may be
described as having metallic bonding. While these divisions have not been used universally,
they are still useful to understand differences in hydrides. Please refer to the IUPAC
provisional recommendations of Parent Hydride Names and Substitutive Nomenclature for
an in-depth description of hydride nomenclature. 51
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5.2.2 Ionic Hydrides
Ionic hydrides are the true salts like sodium hydride, etc where there is little covalency, and
a high degree of ionic character in the M-H bonding. Ionic or saline hydride, consist of a
hydrogen atom bound to an extremely electropositive metal, generally an alkali metals or
alkaline earth metals. In these materials the hydrogen atom is viewed as a pseudo-halide
i.e. similar to halide anions such as Cl‾. Saline hydrides are insoluble in conventional
solvents. Most ionic hydrides exist as "binary" materials involving only two elements
including hydrogen. Ionic hydrides are used as heterogeneous bases or as reducing reagents
in organic synthesis.
Typical solvents for such reactions are ethers. Water and other protic solvents cannot serve
as a medium for pure ionic hydrides because the hydride ion is a stronger base than the
deprotonated solvent anion. Hydrogen gas is liberated in a typical acid-base reaction.
NaH + H2O → H2 (gas) + NaOH ΔH = −83.6 kJ/mol, ΔG = −109.0 kJ/mol
Often alkali metal hydrides react with metal halides. Lithium aluminum hydride (often
abbreviated as LAH) arises from reactions of lithium hydride with aluminum chloride.
4 LiH + AlCl3 → LiAlH4 + 3 LiCl

5.2.3 Covalent Hydrides
Covalent hydrides encompass compounds such as AlH3, the boranes and borohydrides and
related derivatives, hydrocarbons, amines, amides, and ammonia complexes, etc. where the
bonding is highly localized and strong between the two centers, or in the case of the
boranes and borohydrides, there is often 3 center, two electron bonds formed, e.g. in
bridging B-H-B compounds. Non-stoichiometry is unlikely. According to the older definition
of hydride, covalent hydrides cover all other compounds containing hydrogen. The more
contemporary definition limits hydrides to hydrogen atoms that formally react as hydrides
and hydrogen atoms bound to metal centers. In these substances the hydride bond is
formally a covalent bond much like the bond made by a proton in a weak acid. This category
includes hydrides that exist as discrete molecules, polymers or oligomers, and hydrogen
that has been chemisorbed to a surface. A particularly import segment of covalent hydrides
are the so-called complex metal hydrides which often contain discreet cation-anion pairs.
The anions include borohydride or alanate, among other hydridic anions. Hydrogen may be
released thermally, or in the case of sodium borohydride, by hydrolysis to form sodium
borate and hydrogen.52 Another important class of covalent hydrides are the so-called
chemical hydrogen storage materials, which are discreet molecular species, usually that do
not contain cation-anion pairs such as found in the complex metal hydrides. Chemical
hydrogen storage materials encompass molecules such as ammonia borane, alane, and the
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hydrocarbons, among many others. These molecular hydrides often involve additional
ligands such as in TMEDA-AlH3 where the tetramethylethylenediamine ligand is ligated to
the aluminum center through its two nitrogen atoms, thus helping to stabilize AlH3.
Hydride complexes occur when combinations of ligands, metal ions and hydrogen form
molecules. Hydride complexes are differentiated by whether they contain transition metals;
those that do are called TM hydride complexes, those that do not are called non-TM
hydride complexes. The main difference between hydride complexes and ICs (Intermetallic
Compounds, to be described below) is that the bonding in hydride complexes is quite
covalent, strong, and localized, whereas in intermetallic compound hydrides, hydrogen
atoms reside in interstitial sites and the multi-center bonding may be relatively weak.
Complexes release hydrogen through a series of decomposition and recombination
reactions. Some combinations of elements, for example Mg and Fe, form hydride complexes
but cannot form ICs; hydrogen is required for these two elements to form a stable
compound (Mg2FeH6).
5.2.4 Interstitial Hydrides
Interstitial hydrides can exist as discrete molecules or metal clusters in which they are
atomic centers in a defined multi-centered multi-electron bonds. Interstitial hydrides can
also exist within bulk materials such as bulk metals or alloys at which point their bonding is
generally considered metallic.
The interstitial hydrides are distinct from ionic or covalent hydrides, in that they may form
where H atoms reside in tetrahedral or octahedral interstices within the metal or alloy
framework; solid solution formation is common. The bonding between the metal(s) and the
hydrogen atom is highly delocalized, with multi-center, multi-electron bonding similar to
that in metals occurring.
Many bulk transition metals form interstitial binary hydrides when exposed to hydrogen.
Interstitial hydrides can be further separated into subclasses of metal alloy hydrides and
intermetallic hydrides.
5.2.4.1 Metal Alloy - Hydrides
The host hydrogen storage materials may consist of a solid solution alloy. These are
characterized by varying composition and disordered substitution of one element for
another on crystal lattice sites; they are formed by dissolving one or more minor elements
into a primary element. Solid solutions based on Pd, Ti, Zr, Nb and V form hydrogen storage
materials with some attractive features such as moderate reversible storage capacities near
ambient conditions but cost and the heat released on hydrogen absorption deter the use of
these materials for transportation applications. For example, (V0.9Ti0.1)0.95Fe0.05 has a
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reversible storage capacity of (∆wt.% )r = 1.8 at T = 36°C and atmospheric pressure but
costs are relatively expensive for hydrogen storage.47 Vanadium-based solid solutions (V-SS)
are compared to other metal hydrides in Table 7.
5.2.4.2 Metal Hydride Intermetallic Compounds
Intermetallic compounds (ICs) are characterized by homogenous composition and crystal
structure. ICs for hydrogen storage combine a strong hydriding element A with a weak
hydriding element B to create a compound with the desired intermediate thermodynamic
affinities for hydrogen. Hydrogen absorbs atomically into the host metal lattice as a solid
solution at low concentrations and via hydride-forming metal/hydrogen bonds at higher
concentrations. The host intermetallic compound elements A and B are typically present in
an integer or near-integer stochiometric relationship. Element type A and/or B may be an
ordered or disordered mixture of several metal elements. The total compositional variation
has a strong impact on hydriding properties. This ability to form AxBy ICs containing up to 10
or more elements has been extensively studied and exploited in the commercialization of
metal hydrides for hydrogen storage and Nickel-Metal Hydride battery applications.
Common classifications of ICs for hydrogen storage are AB5, AB2, AB and A2B; LaNi5, TiCr2,
TiFe and Mg2Ni being representative examples. Table 7 provides an overview of the relative
attributes of these different classes of hydride forming Intermetallic compounds. This
includes versatility (meaning the ability to tune the alloy to operate over a wide range of
pressures and temperatures) and PCT meaning the ability to reversibly provide hydrogen
gas over a narrow range of pressures (relatively flat plateau pressure) at room temperature
conditions.

Table 7. Qualitative overview of metal hydride types as to attributes.47
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5.2.5 Transition Metal Hydrido Complexes
Transition metal hydrides include what can be called covalent hydrides as well as interstitial
hydrides and other bridging hydrides. Within the covalent transition metal hydrides there
are two additional types of hydrides. The classical hydride also known as terminal hydrides
involves a single bond between the hydrogen atom and a transition metal atom. Nonclassical, hydrides often referred to as dihydrogen complexes, is when a dihydrogen
molecule forms a sigma bonded complex with a metal center. Transition metal complexes
span a range of bonding from pure dihydrogen complex to a pure dihydride complex where
the dihydrogen molecules bond has been fully broken.
In the case of hydrides for hydrogen storage, the family tree in Figure 3 illustrates the
relationships between different types of hydriding alloys and complexes.

Figure 3. Family tree of hydriding alloys and complexes.47

5.2.6 Dihydrogen Complexes
Hydrides are capable of forming a unique form of bonding called dihydrogen bond. A
dihydrogen bond exists between a negatively polarized hydride and a positively polarized
hydrogen atom (hydron or proton). This is similar to the hydrogen bonding which exists
between positively polarized protons and electronegative atoms with open lone pairs.
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Dihydrogen complexes are coordination complexes containing intact H2 as a ligand. This
class of compounds represents intermediates in metal-catalyzed reactions involving
hydrogen. The first metal complex of an H2 molecule was discovered in 1984, when Kubas
and co-workers reported the now famous “Kubas complex” [W(CO)3(PiPr3)(H2)]
(iPr=isopropyl). 53 Since then, hundreds of dihydrogen complexes have been reported.54
Most examples are cationic transition metals complexes with octahedral geometry.
Upon complexation, the H-H bond is extended to 0.81-0.82 Å as indicated by neutron
diffraction, about a 10% extension relative to the H-H bond in free H2. Some complexes
containing multiple hydrogen ligands, i.e. polyhydrides, also exhibit short H---H contacts. It
has been suggested that distances < 1.00 Å indicates significant dihydrogen character,
where separations > 1 Å are better described as dihydrido complexes (see Figure 4).

Figure 4. Formation and equilibrium structures of metal dihydrogen and dihydride
complexes (L = ligand). 55

6 Classification of Materials
Materials Applications

for

Hydrogen

Storage

The relative strength of the interaction of hydrogen with a storage material greatly
influences the kinetics and thermodynamics of the hydrogen uptake and release. Hydrogen
binding mechanisms differ for physisorption storage and hydride storage materials, and the
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strength of the hydrogen binding affects the overall manner in which a hydrogen storage
material will be used in a real application.
Materials for hydrogen storage can be separated into different classes based on how they
will be used in applications. In this sense there are three categories generally based on the
energetics of storing hydrogen which we will designate as “Physisorption”, “On-board
Reversible Hydrides”, and “Off-board Regenerable Hydrides” materials. While not
completely correct these are generically referred to as “Sorption”, “Metal Hydride”, and
“Chemical Hydrogen” storage materials respectively.
The basic distinction these three classes of hydrogen storage materials are:
1) Physisorption materials involve weakly bound molecular hydrogen that is on-board
reversible but generally require operating at liquid nitrogen temperatures (roomtemperature atomic adsorption in the form of spill-over may be an exception).
2) On-board Reversible Hydride materials include the various metal hydrides described
above, and some of the complex metal hydrides and amides…) that release hydrogen
endothermically. Endothermic release allows for thermodynamically favorable, exothermic
rehydrogenation during on-board recharging of the hydrogen storage materials under
reasonable temperature ( < 300°C) and pressure ( < 200 bar) conditions.
3) Off-board Regenerable Hydride materials either release hydrogen exothermically,
and/or involve complex chemical regeneration schemes that cannot be performed on board
a vehicle. Examples in this class are the hydrocarbons, ammonia borane, and alane. The
hydrocarbons and alane release hydrogen endothermically, but high hydrogen pressures or
the complexity of their rehydrogenation most likely will require an off board process.
Ammonia borane and other materials that release hydrogen rather exothermically cannot
be rehydrogenated readily at common pressures and temperatures. This holds for
compounds that release hydrogen with a free energy of greater than about 1kcal/mole
exergonic.

7 Summary
The intent of the preface has been to introduce terminology commonly used in
hydrogen storage materials research and to provide an overview of the fundamental
processes and measurement considerations. We hope that this information proves
useful and ultimately contributes to progress in the research and development of
new and better hydrogen storage materials.
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Section 1: Introduction
This introductory section is intended to provide the reader with the basic information
necessary for productive and accurate hydrogen storage measurements. Introductory
topics include: 1) evaluating the experimental setup and procedures with respect to the
ultimate purpose for making a set of measurements, 2) the relationships between direct
and indirect (measureable vs. derived) quantities (which we will refer to as variables)
used to describe hydrogen storage materials properties, and 3) an overview of common
methods used to measure these hydrogen storage properties. A variety of apparatus
56
have been developed in the past to measure sorption properties ; this manuscript will
focus on some instruments typically used for hydrogen storage measurements (namely
volumetric and gravimetric systems).

1 Purpose of Measurements
For simplicity, hydrogen storage properties measurements can be broken down into
three basic categories: storage system level performance measurements, materials
development measurements, and fundamental science measurements. It is important
to understand the purpose of a particular experimental investigation before making
measurements because the experimental setup and procedures can vary greatly
depending on the purpose of the measurements and results and conclusions can be
misleading if they are not presented in the proper context. Of course, these categories
overlap and support each other. Testing the design and performance of a storage
system, comparing storage properties across new or improved materials, and gaining
insight into the underlying phenomena of hydrogen storage require experimental
apparatuses and procedures that may be significantly different. Care should be taken to
match the experiment well to the purpose of the study to avoid misleading results.

1.1 Purpose: System Performance
System level measurements are concerned with the performance of materials at an
operational scale. The primary difference between experimentation at the system level
versus other levels is the importance of application-specific considerations. Depending
on the utilization of the hydrogen storage system, any combination of properties may
be most important for performance optimization. Properties such as energy density,
reversibility and safety at standard operating conditions are some of the primary ‘real
world’ considerations. For example, one consideration central to portable hydrogen
storage systems like those envisioned for transportation is energy density because the
system must be transported. Stationary applications, in contrast, may be more
concerned with total energy than energy density, and cost.
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To gain useful system performance information, enough material should be tested to
provide results representative of the material’s behavior in a full-sized operating storage
system. In general, this means between 10 grams and 1 kilogram of storage material.
The authors believe 100 grams is a good tradeoff between the practical issues of
synthesis and handling of the materials and a characteristic, uninterrupted volume of
material that would be found in a large-scale system. It is recommended to take
samples from different portions of larger batch to get a good average material
representation.
An example of an experimental setup that may be appropriate at a system performance
level but not for other purposes, is the use of flow meters to study rates of hydrogen
uptake or release. This requires that the material performance has already been well
characterized at a smaller scale. This is because conventional thermal mass flow meters
generally have fairly narrow dynamic measurement ranges (often less than one decade).
Thus, some prior knowledge of the material’s performance is needed to select flow
meters with the appropriate flow range. This can be a severe limitation when a
material’s hydrogen sorption/desorption rates may vary over several orders of
magnitude depending on state of charge, temperature and pressure. An alternative is
Coriolis flow meters, which have a robust dynamic measurement range, maintaining
accuracy over several decades.

1.2 Purpose: Materials Development
The purpose of experimentation at the analytical level (typically tens of milligrams to a
few grams) is to guide the development of advanced materials with desirable hydrogen
storage properties. It is important to realize that hydrogen storage properties of a
material can be strongly influenced by any number of individual sample characteristics
including total chemical composition and distribution, microscopic and macroscopic
structure, etc. In the realm of materials development, parametric and comparative
studies are generally the best approach to producing reliable and productive studies.
There is an extremely wide range of material characteristics (including such things as
doping and nano-structuring) that can be modified and manipulated to produce
profound changes in hydrogen storage properties. For example, the effect of elemental
substitution in the LaNi5 family of Intermetallic compounds (LaNi5-xAx) is demonstrated
in Figure 5.47 In this case Ni has been substituted with tin or aluminum to form materials
with decidedly different hydrogen storage properties, including changing the
thermodynamic stability of the hydride that is formed.
In order to conduct instructive parametric studies, it is especially important that
measurements are conducted under identical conditions (pressure, temperature,
sample size, etc.) using identical measuring equipment. This minimizes the number of
free variables associated with the experiment and allows for the accurate determination
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of the effect of a specific material property. The effect of some material properties on
hydrogen storage can be quite small and easily masked by variation in testing conditions
and measuring equipment if the proper precautions are not taken.

Figure 5. Van’t Hoff diagram representing the hydriding thermodynamic
properties of several different LaNi5-based materials.47

1.3 Purpose: Fundamental Science
As the title suggests, fundamental science research is concerned with identifying and
understanding the physics and chemistry that governs a material’s hydrogen storage
properties. This fundamental knowledge can be used in research at the materials
development and system performance levels. It may help to validate models that
describe hydrogen-material interactions or aid in making enlightened decisions on new
directions in improving materials. Without some level of fundamental understanding,
system and materials development measurements would be conducted solely through
intuition or painstaking systematic studies. By using knowledge gained from
fundamental science, researchers can eliminate much of the trial and error and more
efficiently conduct measurements for material development. With regard to
fundamental science, samples may be small (gram quantities) and indeed very small
(milligram powders, liquids and thin films) as synthesis is achieved on lab-scales. As a
consequence, very sensitive instruments will be needed to perform measurement on
sample weighing as low as tens of milligrams. Also, fundamental science implies the
modeling of the measurements and hence, intrinsic behavior should be clearly
separated from instrumental effects to match a particular model.
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2 Hydrogen Storage Properties
Measurements at all three of the levels investigation described above, probe similar
hydrogen storage properties of both systems and materials. The relative importance of
each property may depend on the application or the purpose of investigation. The
following is a very brief summary of the principal measured properties of hydrogen
storage materials and systems. Each property is investigated in more detail in the
individual chapters of the Recommended Practices Documents.

2.1 Property: Capacity
Capacity is the maximum steady-state hydrogen content of a storage material. Capacity
can have several different definitions that reflect the application or material
considerations including reversible capacity, usable capacity and excess material
capacity. These definitions in turn may depend on the material’s stability, composition,
temperature, pressure and number of cycles. Each of these variables has the potential
to change the capacity of a material. Additionally, there is a very important distinction
between concentration and capacity: capacity is a material property that does not vary
at a set state (after an extended period of time). In this text, a material’s capacity will be
referred to as its maximum steady-state hydrogen content and concentration as its
temporal hydrogen content. For a more detailed discussion of capacity definitions and
theory, please see the chapter on capacity measurements Capacity sections 1.2 .

2.2 Property: Kinetics
Kinetics is a measure of the rate of hydrogen sorption or desorption of a material and
may not be exclusively dependent on intrinsic material properties. Sample size, heat
transfer effects and other parameters that are highly dependent on the experimental
method can affect kinetic measurements and conclusions. Minimizing the effects of
external influences on kinetics is very difficult and requires a great deal of knowledge
and preparation. Thus, extreme caution should be used in ascribing measured kinetics
to fundamental sorption mechanisms or an intrinsic property of a given material.
Sample preparation, catalyst and additives, particle size, heat transfer capabilities,
among other things can strongly influence the kinetics. As one example, degassing at
high temperature can remove or diffuse oxide layer from metals and increase
subsequent hydrogen absorption kinetics. For a more detailed discussion of
experimental considerations for kinetics, please see the chapter on kinetics.
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2.3 Property: Thermodynamics
The intrinsic thermodynamic properties of hydrogen storage materials influence a
number of other parameters, most notably the hydrogen capacity based on
temperature and pressure. Unfortunately, the relationship between measured
temperature and pressure conditions and intrinsic thermodynamic properties may be
complicated by kinetics considerations. In many of today’s materials, the temperature
and pressure conditions required for hydrogen uptake and release are dictated by
kinetic considerations, not necessarily the intrinsic thermodynamics of hydrogen
bonding. The ability to distinguish between the two material properties is especially
important because the techniques used to improve one property are often ineffective or
not available for the other.
In addition, we refer in this document to thermodynamic properties with respect to
thermal equilibrium (the measure equilibrium state of hydrogen concentration in the
material, hydrogen pressure and temperature). Thermal equilibrium may be dictated
not only by the chemical interaction thermodynamics, but other terms as well such as
strain energy, dislocation production and interfacial energy. In many metal-hydrogen
systems these terms lead to differences in the absorption versus desorption equilibrium
pressures at a given concentration and temperature. This is generally observed as
hysteresis in the Pressure Concentration Temperature (PCT) isotherms. For a more
detailed discussion on the thermodynamics of hydrogen storage, please see the chapter
on thermodynamics.

2.4 Property: Cycle-Life
Cycle-life testing is restricted to reversible hydrogen storage materials such as metal and
complex hydrides, amides and physisorbing materials. Materials that store hydrogen
irreversibly (i.e. not reversible under practical conditions), like chemical slurries of
elemental hydrides (e.g. LiH, NaBH4), cannot be cycled. Cycle-life measurements are
typically performed to characterize the effect of cycling on capacity that stems from
activation effects, grain growth, structural degradation or chemical degradation due to
gas impurities. However, kinetics may also be impacted by cycling and some of the
observed change in capacity may in fact be due to changing kinetics during cycling. For
example, if measurement time intervals during a cycle-life experiment do not reflect the
changing kinetic properties of the material, the measured capacity will not be
representative of capacity at quasi-equilibrium. Impurities in the hydrogen gas supply
may have a profound effect on the cycle-life behavior of a storage material (see section
5.3.6 ). For a more detailed discussion of cycle-life considerations, please see the
chapter on cycle-life measurements that will follow in a later version.
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3 Types of Measurement
With respect to characterizing a material’s hydrogen storage performance there are two
principal types of measurements, kinetics measurements and pressure-compositiontemperature (PCT) measurements. Kinetics measurements can be considered the
fundamental measurement of hydrogen storage because other types of measurement,
including PCTs, are collections of several individual kinetics measurements. The
relationship between kinetics and PCT measurements will be discussed further at the
end of this chapter. Beyond these two main characterization measurements, there is a
host of other measurements such as scanning temperature measurements that have
value in rough screening for potential new hydrogen storage materials.

3.1 Measurement Type: Kinetics
Kinetics measurements track the rate of change of hydrogen concentration in a sample
after the sample has been perturbed from quasi-equilibrium. Because hydrogen storage
measurements can only approximate thermodynamic equilibrium due to experimental
limitations, equilibrium will be used synonymously with quasi-equilibrium throughout
the rest of this manuscript. Perturbation from equilibrium is accomplished by changing
the thermodynamic state of the sample’s environment, which causes the sample to
sorb/desorb hydrogen in the attempt to restore equilibrium. For the gravimetric and
volumetric methods, kinetics measurements are generally conducted under isothermal
conditions, with changes in pressure used to perturb equilibrium. This is done partly for
compatibility with PCTs and partly because of the profound effect of temperature on
the kinetics character of almost all materials. The profiles and interpretations of kinetics
curves and the considerations for kinetics measurements are the subject of the kinetics
chapter of the Recommended Practices Document.
It is instructive to introduce a few fundamental features common to almost all kinetics
measurements for reversible systems. The degree of perturbation from equilibrium is
the driving force behind sorption/desorption in hydrogen storage materials: large
perturbations cause relatively large rates of change in concentration while smaller
perturbations cause relatively small rates of change. The rate of change of hydrogen
concentration in a sample is largest at the beginning of a kinetics measurement, when
the sample is furthest from equilibrium with its environment. The distance from
equilibrium diminishes as hydrogen is sorbed by the sample, slowing the sorption rate
as the sample reaches a time independent equilibrium concentration. These effects are
illustrated in the sorption kinetics measurement in Figure 6. At the beginning of the
experiment, the concentration changes quickly because the sample is furthest from
equilibrium and with time the rate of change of concentration decreases until it
becomes effectively zero.
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Figure 6. Representative kinetics measurement of an individual hydrogen dose
to a porous material.

3.2 Measurement Type: Pressure-Composition Isotherm
Pressure-composition-temperature measurements (PCTs) are the most reported
hydrogen storage measurement type in academic literature (composition in this context
is synonymous with the concentration of hydrogen in a sample). A PCT measurement is
a collection of data points that represents the pressure, concentration and temperature
of a sample in equilibrium and relates the influence of the thermodynamic variables on
concentration. PCTs are also commonly referred to as PCI (Pressure-Composition
Isotherms) because they are taken at isothermal conditions. This minimizes the number
of free variables and allows the relationship between concentration and pressure to be
presented via two-dimensional graphics. The effect of temperature on hydrogen storage
properties can be determined by comparing PCT isotherms at various temperatures.
Because PCTs represent a sample in equilibrium, they can also be used to determine the
thermodynamic properties of a hydrogen storage material. Unfortunately, the absolute
interpretation of PCT data must be kept in perspective because it is difficult to make
true equilibrium measurements. This is because as the pressure approaches the true
equilibrium pressure, the driving force (or potential) becomes diminishingly small and
therefore, kinetics becomes increasingly slower. In other words, it would take an
infinitely long time to reach equilibrium. For more information on thermodynamics as
they relate to hydrogen storage properties, please review the thermodynamics chapter
in the Recommended Practices Document.
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It is instructive to conceptualize the relationship between PCT measurements and
kinetics measurements in the volumetric method as follows: a sample is perturbed from
equilibrium by a change in the pressure of the system and is allowed to reach
equilibrium through the dynamic process represented by a kinetics measurement. The
last data point of each kinetics measurement, which most closely represents
equilibrium, provides a single point of hydrogen concentration, pressure and
temperature at equilibrium. In the volumetric method, this dosing process is performed
repeatedly at one temperature until there are enough equilibrium data points are
collected to construct a full PCT diagram. In this sense the PCT measurement can be
thought of as a cumulative series of mini-kinetics measurements. Figure 7 demonstrates
the PCT diagram of a porous material using the volumetric method by conducting a
series of small dose kinetics measurements. In each kinetics measurement (separated
by recharging the dosing volume which appears as discontinuities), the final pressure at
the last data point represents the equilibrium pressure at a given concentration. In the
volumetric method, the concentration is determined from the change in pressure with
each dose (refer to the volumetric section 5.3 for details). Therefore the equilibrium
pressure of the sample corresponding to each equilibrium concentration point is also
known and a full PCT can be constructed from the series of kinetics measurements.

Figure 7. Representative measurement of a porous material. The last point in
each ‘row’ of points is taken as representative of the equilibrium concentration
of hydrogen in the sample at the pressure and temperature of
experimentation.
This is shown in
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Figure 8 where the Pressure / Time data is translated to Pressure / Concentration data
to form a PCT diagram. The relationship between pressure drop due to absorption (rise
on desorption) and concentration is depicted in Figure 9.

Figure 8. Representative pressure / time measurement and the resulting PCT
plot of hydrogen absorption to form a metal hydride. The last point of each gas
sorption dose provides the concentration of hydrogen in the sample at the
equilibrium pressure and temperature of each dose.

Figure 9. The relationship between pressure drop on absorption and the
concentration associated with this pressure drop that is used to create each
point on the equilibrium PCT diagram.
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4 Hydrogen Storage Variables
Because the concentration of hydrogen in a sample is not measured directly, this
important parameter necessarily relies on indirect determination from directly
measured variables. Accurate measurement of direct variables is important for all
hydrogen storage properties and perhaps more so for the determination of
concentration than any other.

All storage properties are determined by the relationships between the variables:
concentration, sample weight, temperature, pressure, cycle and time. The important
distinction between direct (weight, temperature, pressure, time, cycle) and indirect
(concentration) variables is made to differentiate between variables that can be
measured directly from those that cannot. The last five (mass, temperature, pressure,
cycle and time) are termed direct variables because they can be directly measured with
traditional measuring devices such as balances, thermocouples and transducers.
Concentration is considered an indirect variable because it cannot be directly measured
and must be determined by correlating a direct (measurable) variable with
concentration through the use of an empirical relation. Because of its dependence on
measurable variables and its explicit ties to capacity, concentration will be addressed in
detail in the Concentration and Capacity chapter.

The direct variables present problems in accurately collecting and interpreting data.
Weight, temperature and pressure are difficult to accurately measure in all testing
methods because errors can be introduced by testing equipment, sample holder design
and secondary effects such as buoyancy. Errors associated with measuring the direct
variables affect all property investigations and therefore the sources of these errors will
be reviewed in the introductory chapter. Measurement errors specific to a particular
testing method will be addressed in the associated methods section 5 . In addition to
this section on the direct variables, the effects of testing and variable collecting methods
unique to a particular storage property (e.g. capacity, kinetics) will be addressed in the
property chapters that follow.

At this point, the reader is encouraged to briefly review the section 5 on Methods of
Measurement to become familiar with the nomenclature and general principles of each
testing method. Material in the sections on variables (4 ) and also static and dynamic
measurements (5.1 ) will refer to basic concepts associated with the measurement
methods. Familiarity with the material in these sections will aid in gaining an overall
understanding of the subject.
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4.1 Measureable Direct Variables
Measureable or “direct” variables (weight, temperature, pressure, time, cycle) affect the
intrinsic adsorption/absorption behavior of a material:
N a = f ( P, T , solid − gas system)

Equation 1

Where Na is the number of moles adsorbed. In addition, the measurement of direct
variables is needed to determine “indirect” variables such as capacity. The following are
the direct variables that are typically measured to determine the hydrogen storage
properties of a material. While the means and accuracies by which these variables are
measured may vary (e.g., volumetric, gravimetric, electrochemical….) the influence on
the intrinsic properties and performance of the materials should be the same.
4.1.1 Variable: Weight
The weight variable measured in the gravimetric method is often considered a direct
measurement of hydrogen concentration; unfortunately, this is not the case. The
balance in the gravimetric method (used to measure sample weight) actually measures
the resultant force of a number of discrete forces: the weight of the sample, the
buoyancy force caused by the displaced gas and the forces associated with mechanical
disturbances and gas convection. The resultant force is often referred to as the apparent
weight of the sample in order to differentiate between the measured weight and the
actual weight of the sample. In order to determine the actual weight of the sample
(from which concentration can be determined), it is necessary to account for and
minimize the extraneous forces acting on the balance. The buoyancy force can be
determined by an understanding of the skeletal density of the material while proper
vibration damping can minimize mechanical forces. Forced and free convective forces
are caused by pressure changes during charging/discharging and thermal gradients,
respectively, and are transient in nature; patience is essential to minimize convective
forces. Gravimetric measurements often use constant gas flow past the sample. In these
cases, the flow drag forces must also be known and taken into account. Generally the
flow drag force changes with the gas density, and therefore is a function of both
temperature and pressure. Proper calibration of gas flow forces is necessary if the flow
forces are significant in the particular apparatus or experimental arrangement.
In addition to the significant measurement considerations discussed above, the accuracy
and precision of measuring weight depends on the type of balance used. A common
weight-measuring system is an electronic strain gauge attached to a cantilever or
balance (see gravimetric method section 5.4 ). The accuracy and precision of the strain
gauge and cantilever/balance system are based on the properties of the strain gauge
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and the cantilever/balance material. The deflection varies with the modulus of elasticity
of the material and the weight of the sample; a low modulus of elasticity leads to
greater deflection and a more sensitive instrument but the instrument is more
susceptible to noise due to external forces. The modulus of elasticity will vary with
temperature and this must be taken into account when making measurements at
different temperatures or when ramping temperatures. The sensitivity of the balance
must be considered along with other trade-offs when choosing gravimetric instruments.
With respect to hydrogen storage materials, the hydrogen storage capacity is usually
given on a weight basis. Therefore accurate measurement of a samples weight is critical.
Both chemisorption and physisorption materials may be highly air and water reactive,
therefore samples are usually prepared and weighed in an inert atmosphere such as an
argon glove-box. In addition, both types of material may require significant out-gassing
of residual solvents, or adsorb impurities such as water before hydrogen testing. Thus
for correct hydrogen capacity measurements it is vital that the sample is weighed after
degassing. This can be performed either before or after hydrogen testing and preferably
in an inert gas atmosphere.
4.1.2 Variable: Pressure
The pressure variable is intimately associated with hydrogen storage research and
influences several important properties including concentration correlations, capacity
and the kinetics of charging and discharging. Pressure is a commonly used measurable
variable in concentration correlations and is therefore of practical interest to the
measurement of all hydrogen storage properties. For example, the volumetric method
measures changes in equilibrium pressure, along with volume and temperature
information, to determine concentration. Changes in pressure are often used to control
sorption/desorption reactions during both testing and practical operation. Isothermal
measurements such as PCTs, one of the most common representations of capacity, use
pressure variation to drive charging and discharging during storage property
characterization. Pressure variation can also be used to control sorption and desorption
in functioning storage systems, depending on the application. In fuel cell (FC)
applications, hydrogen supplied at initially isothermal conditions (ambient) and elevated
pressure is used to charge the storage system at the fueling station. The elevated
pressure causes the reversible storage material to charge with hydrogen for future
consumption by the fuel cell.
In addition to its obvious effect on reaction kinetics, pressure profoundly affects
capacity measurements and practical capacities. Among the many capacity definitions
are two based on thermodynamic considerations, reversible and usable capacity.
Reversible capacity is of concern at the materials development level and is the measure
of capacity available under feasible conditions. Reversible capacity is of particular
importance to chemisorbing materials. Usable capacity is the capacity defined by the
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thermodynamic restrictions placed on the storage system by the environment and the
end application. Once again, fuel cells present an excellent example of the importance
of the thermodynamic variables on practical storage. The range of temperatures and
pressures accessible to charge and discharge a storage system are restricted by
availability; in classic PEMFC applications, this translates to operating temperatures
from ambient to (~353K) and roughly ambient to a few bar pressures (assuming no
external pressurizing or regulating equipment is used). It is highly probable that
maximum capacity of a given storage system does not occur within these limited ranges;
therefore it is important to quantify usable capacity.
Electronic pressure transducers are the most common means of measuring pressure in
hydrogen storage testing equipment. The accuracy limitations of transducers are
generally described by two different types of error bands, those based on a percent of
the actual reading (Capacitance Manometers) and those based on a percent of the full
scale (Strain Gauge Transducers) (see Figure 10). For this reason, percent reading error
bands are more accurate at low pressures while percent full-scale error bands may be
more accurate at high pressures depending on the total error rating of the transducer.
For hydrogen storage testing, particularly volumetric methods, the low-pressure range
(0-15 bar) is often the most critical range for investigating storage properties. This
makes the percent reading error bands the preferred error band for hydrogen storage.

Capacitance Manometer

Strain Gauge Transducer

Figure 10. Depiction of the two types of error bands in pressure transducers. 57
A simple calculation demonstrates the percent reading advantage at low pressures. Take
two pressure transducers rated to 300 bar, one has a 1 % reading error band while the
other has a 0.1 % full-scale error band; the ‘break even’ pressure for these two
transducers is 30 bar. The percent reading transducer is more accurate for pressures
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below 30 bar, the range of pressures most often encountered in hydrogen storage
experiments. For optimum accuracy, several percent reading transducers rated to
different pressures should be used.
The sensitivity of pressure transducers requires that the pressure signal change from all
other sources, ∆P0, is minimized. It is conceivable to potentially account for these other
pressure signal changes and correct the data for their influence, but in practice it is
more fruitful to minimize erroneous ∆P0 signals. Background pressure signal change can
be caused by a number of factors including transducer sensitivity, zero drift, misscalibration and hysteresis effects.
With a near instantaneous change in pressure, there may be some error introduced into
the immediate response of the pressure transducer, especially with respect to pressure
measurements made by measuring the strain or deflection of a gauge’s diaphragm.
There are a couple of ‘tricks’ that can help determine the true measurement signal from
a pressure transducer. After the transient from gas introduction has decayed, the
measurement signal becomes pseudo-differential in the sense that the current signal
can be compared to the measurements that came before and will come after. The signal
curve is expected to show a smooth behavior and therefore noise superimposed on the
curve can be “reduced” through standard procedures such as smoothing. If the sample
shows marginal sorption/desorption during the transient, the pressure vs. time curve
contains both the calibration data and the sorption/desorption data. In other words,
since very little absorption occurred during the transient, the transient can be ignored
and the pressure reading at t = 0 is the pressure with “no absorption”. Thus the ideal
sample, ideal in the sense that it is easy to measure, would have no sorption/desorption
signal until after the transient but would come to equilibrium before other longer-term
error signals such as temperature fluctuations have a chance to impact the data.

4.1.3 Variable: Temperature
Temperature is the second thermodynamic variable with important implications to
hydrogen storage properties. It has many of the same hydrogen storage effects as
pressure; it can be used to determine the binding energy of hydrogen in a sample (as in
Differential Scanning Calorimetry), drive the sorption/desorption reactions in several
testing methods and applications, and temperature influences a number of different
definitions of capacity. To continue with the fuel cell example, temperature variation is
the primary mechanism used to release hydrogen after initial charging because of the
relatively limited pressures available due to FC structural considerations. Temperature
affects practical capacity in much the same way as pressure. The two capacity
definitions derived from thermodynamic considerations are based on temperature
considerations as well as pressure considerations. Although, in hydrogen storage
Page 61 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 1: Introduction

research, pressure and temperature are intimately linked, their measurements have
their own, unique considerations.
Temperature-related measurement error is one of the most common errors associated
with hydrogen storage measurements, particularly kinetics measurements. The accuracy
of temperature measurements is typically limited to the accuracy of the thermocouples
used and the heat transfer characteristics of the sample material and sample cell. Like
pressure transducers, the accuracy of a thermocouple measurement depends on what
type of thermocouple is used and the temperature regime of the measurement. Some
thermocouple types have a wide temperature range but are less accurate compared to
those with limited temperature ranges. Because most hydrogen storage experiments
are conducted under isothermal conditions, the authors advise the use of limited-range
durable thermocouples that offer greater accuracy in measurement.
An important consideration is that thermocouples of all types generally present nearly
the same voltage at room temperature. It is only at elevated temperatures that the
deviation in the type (J, K, and N for example) will become apparent. As most modern
temperature measuring devices offer many thermocouple options, it is important not
only to validate the devices thermocouple type settings but also to validate by using
separate secondary temperature measuring devices and to run calibrations on
measurement devices on a regular basis.
Note that most thermocouples (if not all) are at the limit of their operating ranges under
cryogenic temperatures and can have large errors when within a few degrees of 77K.
The temperature is preferably measured with Pt resistance or silicon diode at around or
below 77K.
Heat transfer between the sample material, sample cell and thermocouple is one of the
primary sources of error in hydrogen storage measurements.58 Sorption and desorption
reactions can be highly exothermic and endothermic and the energy loads must be
transported efficiently to maintain isothermal conditions during testing. Insufficient
heat transfer can lead to pockets of sample at higher temperature than the temperature
read by the thermocouple, effectively invalidating the isothermal assumption and
conclusions based on that assumption. Thermocouples that are not in intimate contact
with the sample, or perhaps not even in contact with the sample holder, can produce
very large in-accuracies with respect to the actual sample temperature. On a system
level where kilograms of storage material may be used, excellent heat transfer
characteristics are required to supply and dissipate the significant amounts of energy
necessary to charge and discharge a sample. The importance of heat transfer
considerations will be discussed on several occasions throughout the course of
the Recommended Practices Document.
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4.1.4 Variable: Cycle
The desire for reusable hydrogen storage systems necessitates the ability to charge and
discharge (cycle) repeatedly without loss of performance. Nearly all storage properties,
particularly capacity and kinetics, vary with cycling and the variation can have a
profound impact on system efficacy. Cycling phenomena include activation effects and
poisoning (capacity) and retardation (kinetics) due to the gettering of impurities during
cycling. In general a sample should be cycled until the capacity is stable; usually 10
cycles are sufficient for that purpose
Some important considerations for the cycle variable are primarily aimed at minimizing
activation and gas stream impurity effects on measurements and are not testing
method-specific. For activation effects for both capacity and kinetics, the authors advise
cycling the sample at least ten times in order to measure the intrinsic properties of the
material. It is also critical to evaluate the effects of poisoning and retardation on
performance, especially in metal hydrides; for practical application, storage systems will
commonly be charged with hydrogen gas that contains impurities like CO2, H2O and NH3.
The impurities adsorb to the material, occluding catalytic sites and diffusion pathways,
and can be difficult to desorb because of their high thermodynamic affinity. As cycling
increases with impure hydrogen gas, the impurities build to levels that poison capacity
and retard kinetics. 59 Therefore, it is important to develop materials that can withstand
the effects of gas stream impurities in order to avoid performance deterioration.
Several other phenomena occur when cycling a hydrogen storage material. In
intermetallic compounds, decrepitation, self-pulverization due to stresses caused by
60
lattice expansion upon hydriding, and disproportionation , dissociation of a compound
into
its
fundamental
components
during
repeated
cycling
(e.g.
LaNi5 + La2 Mg17 → 3La + 5Mg2 Ni + 7Mg ), cause variation in storage properties and
system performance. Decrepitation and disproportionation are generally considered
activation phenomena and initial cycling mitigates their effects.
Note: UHP Ultra-High purity (99.999% purity) hydrogen gas is recommended. It is also
highly recommended that the source hydrogen gas is always tested for purity, especially
for oxygen and water contaminants. A good solution is to have a hydrogen purifier
system just before the gas enters the testing system.
4.1.5 Variable: Time
The effect of time on hydrogen storage measurements is manifested by the rate at
which measurements are taken. However, some confusion surrounds how
measurement rates affect data representation. Measurement data is collected in two
distinct steps: the data acquisition hardware converts the continuous analog output
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from the measuring device (e.g. thermocouple, pressure transducer) to a digital value at
a certain rate R1 and the computer software samples the digital value from the data
acquisition hardware at another rate R2.

Figure 11. Schematic of a typical hardware/software set-up and the flow of
information in a hydrogen storage testing system.
As Figure 11 illustrates, information is exchanged between two interfaces but not
necessarily at the same rate. The sampling rate of the data acquisition hardware can be
faster or slower than the sampling rate of the computer software. The difference
between the rates may lead to the collection of multiple data points at the same value
of the measured parameter and/or a step-wise rather than continuous change in the
measured parameter. Both of these effects are most pronounced at small time steps
that approach the limits of the sampling rates and are an artifact of data collection. The
average results of the measured parameters are still representative of the
homogeneous change in the properties being measured.
Figure 12 illustrates a number of data collection artifacts. At the beginning of the
experiment, the R2 sampling rate of the computer software is faster than the analog to
digital conversion rate R1 of the data acquisition hardware. Therefore, the computer
software samples the data acquisition hardware several times before the hardware
updates. This leads to several consecutive data points collected at the same pressure, an
artifact that disappears as the R2 sampling rate decreases (by design) below the data
conversion rate R1 as the experiment progress. The step-wise rather than continuous
change in the data at the beginning of the experiment is caused by the difference
between the sampling rates and the initial gradient in the measured parameter. Figure
12 shows the measured pressure directly after the sample is dosed with hydrogen; the
pressure gradient is initially large but slowly levels off as the sample approaches
equilibrium. This is reflected in the data as the pressure step size becomes less and less
and the data eventually appears continuous. These kinds of data collection artifacts
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demonstrate the resolution limits of the instrumentation but generally do not have a
significant impact on the accuracy of the measurement and the conclusions that can be
drawn. However, without understanding what causes them, they may be misinterpreted
as a problem with data acquisition or instrument operation when first observed.

Figure 12. Example of constant and step data collection artifacts during
desorption. The ordinate is measured pressure. 61

4.2 Accuracy and Precision of Measurements
In measuring direct variables, it is important to understand the distinction between the
accuracy and precision of testing equipment and convey pertinent accuracy and
precision information to the reader. Accuracy is the degree of conformity of the
measured variable to the actual value while precision is the degree of reproducibility of
the measurement. A measurement can be accurate and precise, one or the other, or
neither. An excellent and frequently used parallel to explain the relationship between
accuracy and precision is the target analogy. The distance from the marks to the center
of the target is the measure of accuracy and the size of the mark cluster is the precision.
Figure 13 illustrates the possible combinations of accuracy and precision in the target
analogy. As a thought exercise, consider the limiting cases of perfect accuracy and
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perfect precision. In the case of perfect accuracy, precision must also be perfect. The
reverse however, is not necessarily true: perfect precision does not ensure perfect
accuracy. These cases can be easily shown in the target analogy. The limiting case of
perfect accuracy necessitates that all of the marks lay one on top of another at the
center of the target; obviously this ensures perfect precision because the spacing
between the marks is zero. Perfectly precise marks lay one on top of another but can be
located anywhere on the target, hence perfect precision does not ensure perfect
accuracy.

Figure 13. The target analogy for accuracy and precision. The proximity of the
marks to the center of the target is the accuracy and the size of the mark luster
is the precision. a) Accurate and precise, b) accurate but not precise, c) precise
but not accurate, d) not accurate and not precise.

4.2.1 Significant Digits
The precision of an experimental measurement is implied in the presentation of the
numerical results by the number of significant digits. This can be misleading or
misinterpreted. It is therefore, the recommended best practice to always quote the
precision of a numerical result. When it comes to presenting results only the number of
significant figures given should be given. The following rules apply to implied precision
in published data: 62
1. The leftmost nonzero digit is the most significant digit.
2. If there is no decimal point, the rightmost nonzero digit is the least significant
digit.
3. If there is a decimal point, the rightmost digit is the least significant digit, even if
it is a 0.
4. All digits between the least and most significant digits are counted as significant
digits.
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As an example, the following numbers each have four significant digits: 1,111; 111,100;
111.1; 1,0001; 1,000.; 10.00; 0.0001010; and 1000.0. If there is no decimal point, there
is an ambiguity if the rightmost digit is a 0. Thus, it is better to present results with
decimal points or in exponent form with the appropriate number of significant digits.
In calculating results, approximately one more than that dictated by the experimental
precision. The reason for including the extra digit is that in computation one significant
figure is sometimes lost. If an extra digit is specified for all numbers used in a
computation, the original precision will be retained to a greater extent.

4.2.2 Error Bars in Data Representation
Error bars are used in experimental science to serve a number of important functions in
relating the precision of an experimental measurement to the reader. An error bar
indicates the range of one standard deviation of the measured variable and can be used
to visually compare the precision of two measurements, determine whether differences
are statistically significant and determine the statistical fit of experimental data to a
given function. It is important to include error bars in graphics in literature when
reporting hydrogen storage properties to both reflect the experimental nature of
hydrogen storage testing and aid in comparing the performance of materials and the
precision of testing methods.
Experimental data is often a collection of dependent variable measurements at a given
independent variable value. The collection of measurements is presented as their mean
value and standard error, which is based on the standard deviation of the collection.
Standard error of a collection of measurements is determined by dividing the standard
deviation of the collection by the square root of the number of measurements in the
collection. Standard error is represented in mathematical form by Equation 2 (M is a
vector of measurements with m entries):
Equation 2

SE =

std ( M )
m

For example, a (24.30, 24.68, 25.73, 26.08) collection of molar specific volume (L/mol)
measurements at standard temperature and pressure would be summarized as v = 25.2
+/- .38 L/mol and presented graphically as in Figure 14.
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Figure 14. Graphical representation of collection of data points in mean/error
bar format.
Error bars should be included on figures and error ranges on values whenever possible
or at least stated in the experimental section. The value of these error limits can be
determined from the known (or rated) errors of each measuring device (balance,
63
pressure transducer, thermocouple, timing device….) and standard error analysis.

4.2.3 Error Analysis
It is vitally important to understand the degree to which measurements are precise. In
other words, the level of certainty of reported results based on the known error limits of
the experimental data. The propagation of error (or propagation of uncertainty) is the
effect of each variable’s uncertainties (or errors) on the uncertainty of a function based
on them (i.e. the results). When the variables are the values of experimental
measurements they have uncertainties due to measurement limitations (e.g.,
instrument precision) which propagate to the combination of the variables in the
function used to determine the results.
Uncertainty is usually defined by the absolute error. Uncertainties can also be defined
by relative errors (Δx/x), which are usually written as a percentage.
Most commonly the error on a quantity, Δx, is given as the standard deviation; σ.
Standard deviation is the positive square root of variance, σ2. The value of a quantity
and its error are usually expressed as x ± Δx. If the variables are correlated, then
covariance must be taken into account. For uncorrelated variables the covariance terms
are zero. Table 8 shows the variances of basic mathematic equations for involving two
measured variables A and B.
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Function

Variance

Table 8. The variance of mathematical functions of the variables A and B,
having standard deviations σA and σB, correlation coefficient ρAB, and
precisely-known real-valued constants a and b. 64

4.2.4 Analog to Digital Conversion Error
The accuracy and precision of all direct variable measurements are influenced by analog
to digital conversion effects. Traditional analog measuring devices such as
thermocouples and pressure transducers output continuous signals that must be
converted into discreet digital values. The analog to digital conversion process (ADC) has
three principal sources or error: quantization, non-linearity and aperture error.
Quantization error is caused by the finite resolution of converting a continuous analog
signal to discreet digital values, non-linearity error is caused by physical imperfections in
the conversion device itself (but can be mitigated by proper calibration) and aperture
error arises from uncertainty in the ADC sampling rate. In addition to errors caused by
ADC, measuring devices for some direct variables have unique considerations for
accuracy and precision. These considerations will be reviewed in detail in the following
variable sections 4.1 .
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4.2.5 Testing For Accuracy
A very important and common standard practice that should always be carried out
before experimental measurements and on a regular and documented basis is blank
runs under identical experimental conditions with a non-absorbing material (example:
glass beads or low surface area, silica or stainless steel). It is important for both
gravimetric and volumetric techniques that the blank sample has essentially the same
mass and x-ray (bulk) density as that of the sample that will be measured. This criterion
helps to emulate, to some degree, both buoyancy effects and corrections in gravimetric
measurements and gas displacement volumes in making temperature corrections in
volumetric measurements. The results of such “blank” measurements should show zero
hydrogen absorption and desorption within the expected range of errors. This is an
important step in identifying instrumental and/or procedural errors.
Ultimately, blank tests following a rigorous calibration procedure will produce a total
experimental error that encompass all the uncertainties associated with the various
variables, calibrations, calculations, corrections and uncertainties.
In addition, it is recommended that measurements on standard samples be performed
on a regular basis on experimental equipment to validate the reliable operation and
calibrations.
LaNi5 is a convenient alloy that has a hydrogen absorption plateau pressure close to 1
bar at room temperature. However, it is generally recommended as a standard for
several reasons. 1) On first hydriding it often proves difficult to hydride and usually
requires activation at elevated temperatures (100°C). 2) Activation may also produce
the meta-stable gamma-hydride phase which may cause a second plateau at much
higher pressures than the beta-hydride phase. This change in plateau (pressure and
concentration) may lead to misinterpretation of the data as having instrument related
problems. 3) Doing ambient (PCT) testing of an instrument (typical for LaNi5) does not
test the capabilities or accuracy of the experimental equipment at non-ambient
temperatures. It is important to ensure that sample and instrument temperatures are
being correctly recorded. 4) LaNi5 is sensitive to air contamination, cycling degradation,
and inhomogeneities or impurities in the alloy composition, all of which will affect the
ultimate hydrogen capacity of the material. All of these issues combined make LaNi5 less
than ideal for use as a standard.
For most equipment used for hydrogen storage properties measurements, high-purity
(99.9%) Pd samples are recommended. A recommended measurement would be to
perform one adsorption and one desorption PCT isotherm on a 1-5 gram sample at
approximately 170° prior to every important series of measurements. The advantage of
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palladium is that it can be handled on air prior to the measurement. It also has an
ambient pressure plateau at elevated temperature which will test the ability of the
equipment and data analysis software to perform accurate measurements and data
reduction at non-ambient (elevated) temperatures. In addition, the hydrogen capacity
of palladium is rather low on a weight basis (~0.6 wt.%) which means that errors in
hydrogen storage capacity measurements will be more pronounced.
This measurement should produce a capacity of 0.63 H/f.u. at 10 bar and a desorption
plateau pressure 1.8 bar. Measurements at other temperatures can be compared to
published data.65,66

Figure 15. Hydrogen absorption and desorption volumetric PCT isotherm
measurements of palladium powder at 167°C.61
For volumetric instruments, a hydrogen capacity significantly (5%) different that
reported values would indicate a calibration or calculation error most likely associated
with the volumes (reference volume, sample holder volume or sample gas displacement
volume). For a gravimetric instrument, this would indicate calibration problems of the
balance or errors in buoyancy corrections. For both types of equipment, plateau
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pressures significantly different from reported values would indicate a calibration
problem with either the pressure or temperature sensors. Decreasing capacity or
radically increasing capacity at pressures above the plateau would be an indication that
the effect of the elevated temperature of the gas surrounding the sample is not being
adequately accounted for in the data analysis.
Finally, cross-checking or validation by performing both multiple measurements on the
same sample and on different samples from the same batch of material should be
performed not only on one instrument but, when available, on different types of
instruments potentially at different institutions with different equipment operators.
While it is often very difficult to perform measurements under exactly the same
conditions and also difficult to ensure identical sample preparations or loading, the
intrinsic hydrogen storage properties of a materials should be essentially the same.
Thus, differences in capacity, kinetics, thermodynamics, etc. significantly larger than the
total experimental error should be taken seriously. In this field, there are many
instrumental and procedural issues that can lead to highly incorrect results including
both false positives and negatives (usually the former). When in doubt, it would seem
prudent to assume the worst.

4.3 Calibrations
Measurement instruments should be recalibrated on a regular basis. Most institutions
have standard calibration protocols that should be followed. An important part of such
protocols is a rigorous documenting of such calibrations so that if significant errors are
discovered, previously recorded data can be corrected appropriately. The following are
common methods for calibrating devices that measure important dependent variables.
4.3.1 Weight
It is recommended that NIST standard procedure be followed for making weight
measurements. Documents detailing these procedures and calibrations can be
downloaded from the NIST Weights and Measures website.67
4.3.2 Volume
The standard procedure for calibrating a volume is:
1) Liquid method
2) Gravimetric method
3) Pressure method
4) Known displacement volume calibration sample
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A summary of the Liquid and Gravimetric methods can be found at NIST Handbook 143:
State Weights and Measures Laboratories Program Handbook. Specifically the section:
7.3 Technical Criteria for Volume Laboratories (NVLAP Calibration Laboratories Technical
Guide with OWM modifications). 68
The Pressure method is commonly used in this field and requires a well calibrated
pressure transducer connected to a standard volume (as measured through the Liquid
or Gravimetric methods). The Pressure method is a secondary calibration technique that
is generally used for convenience as no liquids are required. It is essentially the Sievert’s
method without a sample. The setup consists of a the calibration volume connected to
the calibration pressure transducer with a low-displacement volume valve between the
two and a rigid coupling fitting to connect the calibration system to the instrument or
volume to be calibrated.
Pressure Transducer

To Instrument

Calibrated Reservoir Vc
Fitting

Manual Valve

Figure 16. Pressure Method calibration system.
Gas (typically dry Nitrogen, Argon or Helium) is charged at a high pressure (0.1 to 5 bar,
and at the upper 10% of the pressure transducers full scale range) into the calibration
volume the valve is closed and the pressure is measured (P1). Sufficient time (5-30
minutes) should be allowed for the gas to come to thermal equilibrium with the tubing
and vessels before any pressure reading is taken. The pressure in the volume to be
measured is then reduced (0.1 to 1 bar, and at the lower 10% of the pressure
transducers full scale range) and the second pressure is measured (P2). The valve is then
opened gas is dosed into the unknown volume from the calibration volume. After
enough time has passed for the gas to come to thermal equilibrium (5 to 10 minutes)
the resulting equilibrium pressure is measured (P3). Thus, the volume to be calibrated
can be determined from the gas mass balance:
Equation 3

 P3 P1   P 2 P3 
−
Vx = Vc × 
− ÷

 T 3 T1   T 2 T 3 
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Where Vx is the unknown volume and Vc is the calibration volume. Here the ideal gas
law is assumed to be sufficiently correct. The process should be repeated several times
and should also be done in the opposite sense, where high pressure gas is dosed from
the unknown volume into the calibration volume.
Ideally, the temperature of the entire calibration and unknown volume system are being
held at exactly the same temperature (T1=T2=T3). If not the temperatures should be
measured carefully at the calibration volume (T1) and the unknown volume (T2) and an
assumption that the final equilibrium temperature (T3) is a weighted average of the
two:
T3 =

Equation 4

(T1 × Vc ) + (T 2 × Vx )
Vc + Vx

Where some initial approximations for Vx can be made or Equation 3 and Equation 4
can be solved uniquely for Vx as a function of Vc, P1, P2, P3, T1 and T2. Note this
method of taking temperature differences into account is not very accurate because
there is a temperature gradient in the gas that is not generally well represented by
simply the weighted average of the two temperatures. A better approach is to take
several temperature measurements along the portions of the temperature gradient and
assign weighted temperature values based on the local relative volume associated with
69
each local temperature measurement. Note that if there are valves and sections of
tubing between the unknown volume to be calibrated and the calibration system, then
each section must be isolated and calibrated in a step-wise manner. The displacement
volume associated with a closed valve is automatically included in the calibration of the
volume behind such a valve.
The known displacement volume calibration sample method is similar to the pressure
calibration method except that instead of using a secondary calibrated volume as in
Figure 16, a cell of unknown volume is used. A sample of known density (and when
weighed, thus yielding volume) is placed in the cell. The same measurements are
performed as described above once with the sample in the cell and once without the
sample in the cell. Then Vx is solved for using the two measurements and the difference
in Vc being equal to the volume of the standard sample. An example of such a standard
sample would be a large single crystal of silicon.

4.3.3 Pressure
Most of today’s modern pressure transducers have associated electronics that linearize
the transducers output to the applied pressure. This generally only requires span
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(voltage, current or resistivity output versus pressure) and zero adjustments. Typically
both will vary with temperature, time, and use. Spans can be determined from the
comparative testing described below. The standard procedure for calibrating a mass
balance is:
1) Perform a series of pressure transducer readings (5 minimum) over the
transducer’s full range of pressure with simultaneous measurements of the same
gas pressure against a NIST traceable (or national equivalent) standard pressure
transducers.
2) Perform a series of pressure transducer readings (5 minimum) over the
transducer’s full range of pressure with simultaneous measurements of the same
gas pressure against a NIST traceable (or national equivalent) dead weight
pressure calibrator.
3) Zeros are usually adjusted under vacuum by setting the transducer’s final output
(post electronics and post software) to zero (0.000… to within appropriate
significant digits).

4.3.4 Temperature
It is recommended that NIST standard procedure be followed for making temperature
measurements and calibrations. A document detailing thermocouple calibrations can be
downloaded from the NIST Weights and Measures website. 70 Checking temperature
measurement accuracy against boiling (distilled) water and ice (corrected for barometric
pressure) is a recommended interim test.
4.3.5 Time
It is recommended that NIST standard procedure be followed for making time
measurements. Documents detailing these procedures and calibrations can be
downloaded from the NIST Weights and Measures website.71
4.3.6 Other Calibrations
A variety of other devices may be employed for measuring gas sorption or other
properties of hydrogen storage materials. Most devices or instruments will come with
appropriate calibration instructions. Detailed information concerning calibration theory,
regulations, and procedures can be found though most scientific societies and national
standards institutions.71
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5 Methods of Measurement
There are a number of measurement methods that can be used to investigate hydrogen
storage materials and systems. Gravimetric and volumetric methods are the two
primary methods and the most robust in terms of depth of analysis; temperatureprogrammed desorption, differential scanning calorimetry, and thermal gravimetric
analysis are also used. All measurement methods quantify a change in a measurable
property to indirectly calculate the hydrogen storage capacity of a material. It is
important to keep in mind that all methods indirectly calculate hydrogen concentration
and each have complications associated with indirect methods. For example,
characterizing the hydrogen storage capacity of highly porous media has proven difficult
using gravimetric and volumetric methods because both require an understanding of
the amount of gas displaced, calculated from the skeletal density of the material, and
the corresponding buoyancy (gravimetric) and volume calibration (volumetric) effects
on measurements.
This section will summarize these most commonly used measurement methods and
provides detailed techniques for measuring hydrogen storage properties. The section
also provides a series of detailed consideration that may have a significant impact on
the performance and accuracy of a measurement. These range from general sample
preparation considerations to issues unique to specific types of measurements and
instruments.
One clear consideration is that the measurement equipment should be constructed of
materials that are both hydrogen compatible and do not have significant hydrogen
permeation. Obviously metal that react with hydrogen at low pressures and
temperature such as Titanium, Magnesium, Palladium and Vanadium to name a few
should not be used. Common copper tubing and brass components are prone to outgassing impurities that may have an impact on measurements. 316L stainless steel is
commonly used in many hydrogen applications. Teflon and many polymer sealing
materials have high hydrogen gas permeation rates and are not generally recommended
for these measurement applications.

5.1 Static and Dynamic Measurements
Hydrogen storage testing can be divided into static and dynamic testing based on
whether or not the sorption/desorption reaction is allowed to reach equilibrium at any
point during the experiment. In volumetric and gravimetric methods for example,
hydrogen gas can be introduced or removed either by aliquots (static) or through a
variable flow or pressure regulator (dynamic). In thermally driven methods such as TPD
and TGA, the temperature of the sample can be raised in steps (static) or continuously
(dynamic).
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In static testing, a sample in equilibrium at a certain temperature, pressure and
composition is perturbed by a sudden change in pressure (volumetric and gravimetric
methods) or temperature (TPD and TGA). The sample is allowed to reach equilibrium at
some new temperature, pressure and composition before it is perturbed again. This
process continues until the sample is fully sorbed or desorbed. This step-by-step, or
equilibrium state-by-equilibrium state process allows static testing to be used to
determine the thermodynamic properties of a material by van’t Hoff diagram analysis.
Static testing is the most frequently reported testing method in literature when using
volumetric and gravimetric methods.

Dynamic measurements are characterized by continuous changes in pressure and
temperature and do not allow for equilibrium. Although they are not ideal for
investigating purely thermodynamic properties, they can provide information on the
kinetic activity of a material. When hydrogen flows at a constant rate into an evacuated
hydrogen storage system, the pressure in the system increases linearly until the material
begins to sorb. After this point, the pressure in the system is a function of the material’s
ability to sorb hydrogen; if the system is to remain at constant pressure across the
pressure plateau in Figure 17, the rate of hydrogen flowing into the system must be
equal to the rate of hydrogen sorbed by the material.

Dynamic measurements are more useful for evaluating a material’s hydrogen storage
performance during application than static measurements. For example, fuel cells
require hydrogen at a specified constant pressure to operate efficiently and safely. In
order to supply hydrogen at constant pressure, a regulator is connected between the FC
and the hydrogen storage system through which the flow rate varies. Dynamic
measurements allow testing of storage materials at flow rates representative of the
flow through the pressure regulator in the fuel cell/storage system and the dynamic
pressure limits associated with such flow rates. These results are highly dependent on
the impact of heat transfer on sorption/desorption kinetics.
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Figure 17. Comparison of static and dynamic pressure-composition isotherms
for LaNi5 and FeTi at 298K. Results are after about 200 test cycles. 72

5.2 dC and dP Dosing Methods
In isothermal testing, the sample is charged and discharged by changes in hydrogen
pressure in the sample holder. Hydrogen can be added step-by-step in aliquots or
continuously through flow or pressure regulators. These techniques are used to provide
static and dynamic methods of storage testing. Static and dynamic dosing can also be
referred to as dC (differential concentration) and dP (differential pressure) dosing,
respectively. In dC dosing, a specific amount of hydrogen calculated from the
temperature, pressure and volume of the aliquot is dosed to the sample. In dP dosing, a
flow or pressure regulator is used to increase the pressure in the sample cell a specific
amount per dose. The terms dC and dP originate from the relationship between the
different types of dosing and PCTs; dC dosing steps along the PCT concentration axis and
dP dosing steps along the PCT pressure axis.
Volumetric instruments typically take steps in concentration (dC dosing) whereas
Gravimetric instruments generally take steps in pressure (dP dosing).
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Figure 18. PCT of classic metal hydride material with plateau. dC (squares) and
dP (red circles) dosing provide different information in solid solution (vertical)
versus hydride formation (horizontal) portions of the PCT phase diagram.
Figure 18 shows the relationship between dC and dP dosing and PCTs for a metal
hydride. dC dosing (squares) enables limited investigation of the solid solution phases,
represented by the regimes with greater slope at low and high concentrations,
compared to dP dosing (circles). However, the reverse is true for the investigation of
transitional regimes at intermediate concentrations. dC dosing can provide much
greater information across plateaus in metal hydrides and the saturation regimes of
physisorbing materials. A common complaint in hydrogen storage testing is incomplete
or uninformative investigation of metal hydride plateau regimes due to dP testing. In
some cases where the plateau slope is very small, the plateau may be missed
altogether.
An advantage of the dC stepping of the volumetric method is that samples can be
prepared to specific hydrogen concentrations. This may be very useful for ex-situ
examination of the materials using other analytical techniques.

Figure 19. Example of PCT with missing plateau information due to inherent
limitation in dP dosing.
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5.3 Volumetric Method

73 74

The volumetric method of hydrogen storage measurement, also known as the
manometric method, or as Sievert’s method in honor of the German chemist of the
same name, uses temperature-pressure-volume correlations to determine hydrogen
concentration and the storage properties of a material. A generalized volumetric system
with commonly employed components is shown in Figure 20.

Thermocouple

Figure 20. Multipurpose Gas Sorption/Desorption Apparatus. The pressure
gauge on the right is only required when using the flow controller.
The apparatus consists of a gas reservoir connected to a specimen reactor. Because the
volumetric method measures concentration indirectly through temperature-pressurevolume correlations, the volumes and temperatures of the reservoirs and sample holder
(system) must be known in advance. A thermocouple should always be positioned in as
close a contact as possible with the sample. The system volumes are carefully precalibrated and the reservoir and sample holder are maintained at constant (but not
necessarily equal) temperatures using an external temperature controller. By fixing
volume and temperature, reservoir and sample holder pressures can be measured using
pressure transducers to provide isothermal pressure-concentration data.
The volume of the sample holder must be calibrated while filled with sample in order to
get an accurate measurement of the free gas volume in the system. Although a
generally straightforward procedure for chemisorbing media, calibration can be tricky
for highly porous and nano-structured media at low temperatures due to inaccurate or
incomplete skeletal density information and the possible physisorption of helium used
to perform the calibration. Note however, that it is unlikely that most materials will
have significant helium adsorption below 5 bar and at 77K, and certainly not at
significantly higher temperatures. It can be verified that helium does not adsorb by
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measuring the sample holder volume with the sample (free volume) as function of the
helium expansion pressure at temperature. Materials that do not adsorb helium will
likely show a constant free volume as function of pressure. Similarly, in a gravimetric
measurement, such material would also exhibit a linearly decreasing mass response
(buoyancy) as function of helium pressure. More on the issue of potential helium
adsorption is presented in section 5.11 .
Volumetric testing requires accurate measurement and control of the instrument and
sample holder temperatures and the associated temperature gradients. The
temperature of the instrument should be controlled in order to minimize temperature
fluctuations due to external sources such as room heating, ventilation and airconditioning. The temperature of the sample can be precisely controlled below room
temperature by cryogenic cooling accompanied by PID (Proportional Integral Differential
control) heating or above room temperature by PID heating and appropriate insulation.
To test a sample using the static method, the gas reservoir is filled with H2 to a pressure
P and then allowed to react with the specimen reactor by opening the top valve. When
filling the gas reservoir, sufficient time should be allowed for the gas to come to thermal
equilibrium with the tubing and vessels before a pressure reading is taken. An
equilibrium pressure P’ is reached between the gas reservoir and the specimen reactor
that, once paired with temperature, initial pressure and volume information, can be
used to precisely determine the amount of hydrogen sorbed by the material. Dynamic
testing allows the slow and continuous introduction of hydrogen to the specimen
reactor. Hydrogen gas from the gas reservoir flows into the specimen reactor via the
electronic flow controller while continuous pressure readings are taken by the pressure
gauges attached to the reservoir and reactor. The pressure, temperature and volume
data are analyzed to generate dynamic (non-equilibrium) pressure-composition
isotherms.
One intrinsic advantage of the volumetric method is that, unlike gravimetric methods,
the quantity of gas dosed to or from the sample can be small compared to the total
capacity of the sample. Thus, the method allows the direct preparation of sample of
known hydrogen contents. This may be useful for doing in-situ or ex-situ secondary
measurements such as X-ray or neutron diffraction, NRM, IR, Raman, etc.
5.3.1 Differential Pressure Method
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The differential pressure method is a modification of the standard volumetric testing
method and is designed to increase the accuracy of Sievert’s measurements. An
example of a differential pressure method apparatus is shown in Figure 21.
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Figure 21. Schematic of the Differential Pressure Adsorption Unit.
The sample holder and a blank are maintained at the same temperature and are initially
under the same pressure with the two valves in Figure 21 open. Immediately after
dosing, the valves are closed, isolating the two volumes (sample holder, blank and
associated tubing) from each other except for the differential pressure transducer
connecting them. The differential pressure transducer measures the pressure change
between the two volumes caused by the sorption/desorption of hydrogen by the
sample. While adding significant complications, by measuring pressure with a
differential pressure transducer instead of an absolute pressure transducer (gauge), the
differential pressure method can take some advantage of the higher accuracy afforded
to percent reading pressure transducers at low pressures (see section 4.1.2 ).
The most important consideration when testing with the differential pressure method is
thermal equilibrium; the sample holder and the blank must be maintained at exactly the
same temperature for the duration of the experiment for accurate isothermal data. This
is often accomplished by placing the two volumes together in a heater or bath.
Unfortunately, even small temperature variations like those caused by endothermic or
exothermic reactions can lead to pressure fluctuations that can impair the accuracy of
the differential pressure method. Excellent heat transfer and thermal management
capabilities are essential to accurate testing using the differential pressure method.
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5.3.2 Data Corrections
Volumetric systems determine the concentration of hydrogen in a material from
changes in the concentration of hydrogen gas in the reservoir/sample holder system.
The concentration of hydrogen gas in the system is determined by knowledge of the
pressure, temperature and volume of the reservoir and sample holder. Pressure
changes are measured on a pressure transducer inside the volumetric equipment that is
at the same temperature as the instrument. Ideally, the system volumes are calibrated
and the temperature is known and constant throughout so that the measured pressure
is directly related to the concentration of hydrogen gas in the system. Unfortunately,
temperature can vary both spatially and temporally and can be difficult to monitor
because it requires many sensors to map the true temperature gradients. A common
approach is to divide the instrument into isothermal regions, but care must be taken to
validate this assumption to avoid the contribution of thermal effects on kinetics (see
Figure 22). For example, if a sample is held at 77 K, the pressure is the same throughout
the system. However, the hydrogen gas density is greater in the fraction of the system
at 77 K. The volume fraction at 77 K depends on the system design, the type of sample
holder used and the skeletal density of the sample.

Figure 22. Schematic of temperature regimes in a volumetric instrument. The
volume of gas at instrument temperature and at sample holder temperature
varies depending on the system design and the type of sample holder used.
There are two data correction methods that can be used to account for temperature
and hydrogen (gas) concentration variation in the reservoir/sample holder system; both
involve calculating ‘apparent’ volumes that more closely represent the actual
concentration of gas in the system. The apparent volume corrections can be applied to
raw data after experimentation.
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5.3.3 Temperature Correction
When the gas in a volumetric instrument is not all at one constant temperature, there
will be a density gradient in the gas which must be accounted for in the measurement of
hydrogen uptake or release. This is known as the “Temperature Correction” or
“Apparent Volume Correction”. This typically occurs because the sample is held at a
temperature which is different than the gas dosing reservoir. Below we describe two
methods for compensating for this gas temperature gradient. It is important to note
that the temperature and the volume of the sample cell has a large impact on this
correction and should be considered in the whole design of the system. While the
corrections are generally small terms, in the present context, the volume and
temperature differences can be substantial.
The method referred to here as the temperature correction method uses an empirically
determined correction factor Cf to calculate the true hydrogen gas content in the
system. In practice, the temperature correction factor does not affect the temperatures
used in the concentration equation (equation of state) but rather the volume used. It is
determined from the volume fraction of the system at non-ambient temperatures and is
used to define an apparent volume (Equation 5). In this analytical approach the
“Apparent volume” of the sample holder VSH,App is determined for a given sample
temperature TSH and reservoir temperature TR using the room temperature volume
calibration of the sample holder (with sample) VSH. The apparent volume corrects for the
temperature differences between the reservoir and sample holder (see section 4.3.2 ).
Equation 5

VSH,App = Cf • VSH

This apparent volume is then applied to the equation of state to determine the
hydrogen content in the total volume of the system.

The process for applying a temperature correction is straightforward. An inert (nonsorbing) material of similar physical properties as the sample (density, size and thermal
conductivity) is tested at identical conditions to the actual sample experiment. As an
example, for the hydrogen uptake measurements of a high-surface area activated
carbon sample, solid (non-porous) graphite pellets of the same mass could be used as
the blank or control sample for determining the temperature correction factor that will
be applied to the actual adsorption and desorption data. To minimize the number of
free variables associated with the temperature correction factor the sorption testing on
the blank sample should be performed under identical conditions as the sorption
measurements on the material of interest. Using the same example, if one is
investigating the hydrogen storage properties of a sample at 77 K, the inert material
should be tested at 77 K with the exact same reservoir volume, tubing and sample
holder. It is important the inert material have the same skeletal (gas displacement)
Page 84 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 1: Introduction

volume as the sample, as well. Because the temperature correction factor reflects the
volume fraction of the system at non-ambient temperatures, it is necessary that the
volumes of gas at sample and reservoir temperatures are identical in the inert material
and sample experiments. Once volumetric equivalency has been ensured, the inert
sample is tested in order to establish a baseline with which to compare the performance
of the sample. Theoretically, capacity (n=moles of gas sorbed) should be zero at all
pressures for the inert material (Equation 6):
Equation 6

nRTR = PF(VSH,App + VR) - PSHVSH,App – PRVR = 0

Where PF is the resulting pressure after sorption, PR is the pressure in the reservoir
volume VR before dosing the sample, and PSH is the pressure in the sample holder of
apparent volume VSH,App before dosing. A correction factor is adjusted to determine an
apparent volume VSH,App (Equation 5) that produces no sorption (i.e. Moles of sorbed gas
n=0). In practice, this first-order approximation may be sufficient for the temperature
correction, however, there will be a non-zero effect of pressure on the temperature (gas
density) gradient (Figure 23).
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Figure 23. PCT data for an inert material. The linear relationship between
pressure and concentration is due to the temperature difference between the
reservoir (302 K) and the sample holder (77 K).
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A temperature correction factor is applied to the raw data of the inert material and
varied until the associated apparent volume yields zero sorption at over the pressure
range of interest. The temperature correction factor that yields zero sorption for the
inert sample is then applied to the raw data of the actual sample.
Figure 24 presents an extreme example (most difficult scenario) of a low capacity, very
low density material (0.1 g/ml) showing raw and temperature corrected data for a
physisorption at 77 K. The temperature correction was taken from the data in Figure 23
and applied to the raw data of the physisorbing material to give the temperature
corrected results.61
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Figure 24 Excess capacity PCT.

5.3.4 Volume Correction
A volume correction is an empirical correction for the temperature based gas density
gradient based on performing an inert gas (usually helium) volume calibration
measurement of the sample holder (with sample) at the testing temperature. This
calibrated volume is the volume at room temperature required to contain the same
amount of hydrogen gas as the volume of the sample holder at testing temperature. It
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provides a direct method to determine the “Apparent Volume”. If there were a discrete
change in temperature at the valve between the sample volume and reservoir volume
(i.e. TSH to TR), the relationship between the “Apparent volume” of the sample holder
VSH,App and the volume of the sample holder VSH (measured at the same temperature as
the reservoir) would be given by the simple relationship:

Equation 7

nSH =

T
PVSH PVSH , App
=
→ VSH , App = R VSH
TSH
RTSH
RTR

Where nSH is moles of gas in the sample holder, R is the gas constant, P is the measured
pressure. However, this is not a realistic representation of the temperature distribution
of the gas in a real system. There will be a gradient in the gas temperature (and density)
in going from the sample holder to the reservoir. In addition, non-ideal behavior of the
gas (compressibility, see section 5.3.5 below) would have to be taken into consideration
at high pressures or low temperatures.
In practice, the “Apparent volume” is determined by calibrating the free gas (dead)
volume of the sample holder using an inert gas (usually helium) with the sample holder
at the temperature that the hydrogen sorption measurements will be made. The
pressure change measured on dosing the inert gas from the known reservoir volume
into the sample holder volume (at temperature) will compensate for the temperature
gradient effect. It is critical that enough time is take in these calibration dosing
measurements for the gas to come into thermal equilibrium with the heated (or cooled)
sample holder. It is also very important to note that, while this method is more direct
and easier to perform that the Temperature Correction method described above, it may
be inappropriate to use with microporous materials that exhibit significant helium
adsorption at low temperatures. More on the issue of potential helium adsorption is
presented in section 5.11 .
To apply the empirical volume correction, one must use the inert gas “Apparent
volume” determined at the testing temperature and reservoir temperature in the
calculating the concentration of hydrogen uptake or release from a sample. Note that
the reservoir temperature data must be used exclusively because the temperature
variation in the system is accounted for in the apparent volume correction.
Figure 25 shows the same data as that of Figure 24 with both the Temperature
Correction method and the Volume Correction method applied to the data. Note that
the very low density of the sample in this example (0.1 g/ml) combined with the
extreme temperature difference (sample holder 77K and reservoir 302K) causes a very
large correction to the data. The difference in the corrected results demonstrates the
limits of accuracy of these two different correction approaches under the most extreme
conditions.
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Figure 25. PCT for a physisorbing material at 77 K showing the raw data,
temperature corrected, and volume corrected data. This is the same raw data
that is used in Figure 24.
5.3.5 Compressibility Factor
The volumetric method uses gas laws to determine the number of moles of hydrogen in
the system based on pressure, temperature and volume measurements. A gas law can
be written in general form as
Equation 8

PV = nRTz (P, T )

The measurement and sources of error for pressure, temperature and volume are
discussed in the variables section 4.1 . The compressibility factor, z, accounts for the
non-ideality of the gas at a given temperature and pressure. For an ideal gas, the
compressibility factor is unity and Equation 8 collapses into the familiar ideal gas law.
The compressibility factor for hydrogen is taken from compressibility data and applied
as a function of the measured pressure and temperature (Figure 26). It is recommended
to determine compressibility factors using a standard reference database such as the
NIST12 database for fluid properties.76
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Figure 26. Compressibility factor z for hydrogen as a function of temperature
and pressure.

5.3.6 Gas Impurities
Gas impurities can be introduced into a volumetric system through the use of impure
hydrogen gas and leaks during desorption experiments, or can be introduced by
decomposition and byproduct formation from the storage material. In volumetric
measurements the sample’s hydrogen storage capacity is determined by measuring
pressure drop/increase due to sorption/desorption. Since the partial pressures of any
low level impurities are a minute fraction (parts per million to perhaps parts per
thousand) of the measured hydrogen pressure, the impact on the total capacity caused
by impurities is essentially negligible. In the volumetric method, the impurities may still
impact capacity and kinetics through surface effects such as poisoning and retardation;
however, the measurement will be truly representative of the material’s performance in
the presence of impurities. In contrast, for the gravimetric method, the presence of
impurities in the hydrogen can cause significant experimental errors as due to their
larger masses they can mimic important hydrogen uptakes. Moreover, such error may
be more important on porous materials at cryogenics temperatures as the sample may
act as a getter for some vapors. Therefore, using very high purity gases and purging
thoroughly the measurement system under very high vacuum is strongly recommended
in such case.
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Poisoning and retardation (see Capacity and Kinetics chapters) occur when gas
impurities react with the sample to inhibit the total hydrogen sorbed/desorbed and/or
the rates of reaction, respectively. These effects cause decreases in the measured
storage capacity and kinetic activity of the sample material and may incorrectly indicate
the sample material is not suitable for hydrogen storage applications. It is important to
not eliminate a sample from consideration until gas impurity effects are mitigated.
Impurities may simply cause “gas blanketing” which reduces sorption rates but does not
necessarily impact capacity or desorption rates.
5.3.7 Instrument Temperature
The temperature of the instrument is an often-overlooked factor in taking accurate
measurements. In most volumetric equipment, the dosing volume is inside the body of
the instrument and is not in thermal equilibrium with the sample and sample holder.
Therefore, knowledge of the instrument temperature and the temperature gradient
between the instrument and the sample holder is necessary to accurately relate the
pressure reading on the pressure transducer (inside the instrument) and the equilibrium
pressure in the sample holder. Instrument temperature management is most often
performed by a temperature control system inside the instrument housing.
5.3.8 Leaks
Hydrogen can be leaked to the environment (external leak) and across valves inside
equipment (internal leak) during hydrogen storage testing. Both types of leaks during
volumetric testing cause unexpectedly high capacities and strange kinetic behavior.
During sorption testing above ambient pressures, gas leaked to the environment is
assumed to be sorbed to the sample. Leaks during sub-ambient desorption also affect
the capacity by increasing the reading of the amount of gas desorbed. In kinetic testing,
leaking sorption/desorption profiles appear linear in time, as opposed to true sorption
profiles that have a curved profile and eventually reach an equilibrium pressure. An
equilibrium pressure of exactly 1 atmosphere and extraordinarily large hydrogen
storage capacities are highly unlikely and should be double checked. Leaks also expose
the sample and system to gas impurities that can affect property measurements and
compromise samples.
It is advisable to check hydrogen storage testing systems for external and internal leaks
every 20-40 experiments by running an empty sample holder. It is also good practice to
check for external leaks on exposed tubing and joints using helium leak detection or a
hand-held flammable gas detection instruments. These leak precautions apply to both
volumetric and gravimetric testing methods.
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An important note is that certain types of gas fittings may have “virtual leaks” that can
not be picked up by external leak checking. Therefore, conical gas fittings are not
recommended.
5.3.9 Reference Point
The volumetric method measures relative changes in hydrogen concentration calculated
from changes in pressure in the reservoir/sample holder system. Because only changes
in hydrogen concentration can be calculated, volumetric methods require a reference
point with which to calculate absolute concentrations. The most obvious and most
commonly used reference point is an uncharged sample under vacuum, which
corresponds to (0 bar, 0 wt.% H2). From this reference point, absolute concentration
with respect to an indirect variable can be determined. Note that the quantity of
hydrogen absorbed and desorbed in a closed set of isothermal cycles should be
consistent. Thus, a second absorption would commence at a capacity that is the end
point of the previous desorption.
Using mass balance of the gas by knowing the total gas volume, and measuring pressure
and temperature, the exact concentration of hydrogen in a sample can be determined.
In some cases, where the uptake (or release) of hydrogen from the sample is slow
enough, it may be possible to adjust the concentration vs. time measurement to a
concentration of zero (or fully charged) at time = 0.0 (the point at which the valve
between the reservoir and sample holder was opened). With accurate volume
calibration and pressure and temperature measurements the calculated concentration
at time = 0.0 should likewise be zero (or fully charged).
5.3.10

Gas Heating and Cooling effects

An important temperature effect is the adiabatic gas expansion effect. While, hydrogen
is unusual in that it has a range that exhibits reverse Joule-Thompson behavior the
overriding thermal effect will be cooling of the gas on expansion and heating on
compression. This effect can often be seen in the initial part of a kinetics measurement
when hydrogen is dosed at high pressure from a calibrated volume to the sample held at
low pressure or vacuum. There is a small temperature drop in the gas that is seen as a
pressure drop and consequently what appears to be initial sorption. The gas expansion
effect impacts desorption kinetics measurements in a similar manner: as the hydrogen
desorbs from the sample and expands into the vacated volume, the temperature and
pressure spike can be mistaken as increased desorption. These transient effects usually
last only a few seconds or less depending on the thermal mass and internal surface area
of the gas handling system and sample holder (see Figure 27). However, with large
quantities of gas and large pressure differentials, it may take the gas, vessels and tubing
several tens of minutes to return to thermal equilibrium. This effect disappears as the
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gas comes into thermal equilibrium with its surroundings. One should be careful to not
misinterpret this temperature relaxation behavior as gas sorption by the sample. This is
one good reason why it may be quite important to have a temperature sensor in close
proximity if not intimate contact with the sample. To be able to determine when
transient temperature related effects have subsided, one should ideally monitor the
gases return to return to isothermal conditions.

Figure 27 Adiabatic gas expansion in dosing from high to low pressure can
cause an increase in temperature (and pressure) of the gas.

5.3.11

Sample Size

During single-dose measurements, the largest practical calibrated volume available
limits the amount of material that can be tested. At a more sophisticated level an
automatic volumetric doser with multiple volumes can be used to perform such kinetic
measurements on wide range of sample sizes.
Small samples (less than 100 mg) exhibit small pressure changes due to
sorption/desorption. It is therefore important to minimize the background pressure
noise in order to measure the small pressure changes associated with small sample
sorption/desorption. Also, small samples require that the instrument must be capable of
high sensitivity both in the pressure sensor itself and the volume size. In particular,
volumes should be match in size relative to the sample volume.
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5.3.12

Skeletal Density

The low skeletal density of highly-porous materials can cause difficulties in accurately
determining hydrogen storage properties. This is primarily due to two factors: first,
knowledge of the amount of gas displaced by the sample is required to determine the
free volume in the sample holder. This can be difficult to quantify for samples of low
skeletal density that have the potential to adsorb helium, the gas commonly used to
calibrate volume in a volumetric system. Helium adsorption during volume calibration
may lead to unexpectedly large volume calibrations, an effect that becomes especially
pronounced at cryogenic temperatures. Second, low skeletal density means that the
volume a typical sample cell will be filled with only a small mass of sample. Insufficient
sample quantity (mass) leads to small relative pressure changes on absorption or
desorption. Small pressure changes in a standard volumetric instrument are less
accuracy due to pressure transducer sensitivity. It is important to have enough sample
mass that pressure changes are significantly above the level of resolution of the
pressure transducers. This second issue is somewhat mitigated with instruments that
use very high accuracy pressure transducers or differential pressure transducers.
However, it is best addressed by using as much sample as possible for the volumes of
the system.
When the skeletal density of the sample is very low and unknown or difficult to
determine, the two factors discussed above lead to opposing considerations regarding
the amount of sample necessary for accurate testing. On the one hand, the error
associated with gas displacement volume of the sample in the sample holder is reduced
by using a smaller amount of sample. This might be the only solution if skeletal volume
(gas-displacement density) of the sample is completely unknown and the instrument has
highly sensitive pressure transducers. Recent literature from Gray et al. supports this
view and finds that the volume calibration error associated with skeletal density is
proportional to the square of the volume of the sample.73 On the other hand, the need
for relatively significant changes in pressure to provide an accurate quantification of the
amount of gas ad/absorbed or desorbed means larger samples will give more accurate
results. Note that this is mostly a concern form high-surface area physisorption
materials. For all other materials, and even physisorption materials given that the
methods for determining the skeletal density of materials are generally commonly
accessible and reliable, it is recommended to use the largest quantity of material
possible for the experimental equipment (i.e. filling the isothermal portion of the
instruments sample cell).
5.3.13

Calibration Volume Changes

The effects of miss-calibration of the reference volume and a possible volume change
with pressure can contribute error through the volume term; the latter effect is only
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considered significant in the sensor head, the valves with their accompanying
diaphragm or bellows components and changes in the sample volume itself. Pressureinduced volume changes in the tubing, calibration volumes, and gas component are
generally considered negligible.
5.3.14

Volume Dilatation of Sample

Some hydrogen storage materials, especially metal hydrides, undergo volume dilatation
and contraction during hydrogen sorption and desorption. The volume of a system
(sample, sample holder and appropriate tubing) is typically calibrated using helium
before or after experiments are conducted when the sample is in the uncharged state.
Because volumetric methods require knowledge of the volume of a system in order to
calculate concentration, changes in the volume of the sample during testing are not
accounted for in the calculations and have the potential to cause errors in
measurement. Volume dilatation and contraction of a sample is often negligible when
compared to the overall volume of the system. However, dilatation effects should be
considered when testing large quantities of materials that exhibit large volume
expansion coefficients.

5.4 Gravimetric Method
The gravimetric method of measurement uses weight changes measured on a balance
to determine concentration and the storage properties of a material.74 A schematic of a
simple symmetrical microbalance gravimetric system is presented in Figure 28. Note
additionally, that gravimetric systems are also often configured as flow-through
systems, in which case there is also a gas exit port attached to the chamber through a
pressure control device.

Figure 28. Schematic of counterbalanced gravimetric method system for
hydrogen storage testing.
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Before gravimetric testing, the weight of the sample is measured and the sample is
placed on one end of a symmetric microbalance in a sample holder. In symmetrical
microbalance gravimetric instruments, an inert tare with the same weight and
comparable density to the sample is placed on the other end of the microbalance to
provide a counterbalance. The tare is designed to minimize the effects of buoyancy
caused by the hydrogen gas displaced by the sample volume and must be inert in a
hydrogen atmosphere. Note that at relatively high pressures, buoyancy measurements
(see the Introduction section 2.1.3.3 ) should be considered as an intrinsic part of the
gravimetric method, basically on the same standing and care as the free (dead) space
volume calibration in the volumetric method.
After the chamber containing the gravimetric equipment is evacuated, hydrogen from
an external hydrogen source enters the chamber and is generally increase in
incremental pressure steps as it is sorbed by the sample in the sample holder. The
microbalance is typically equipped with an electronic circuit that measures the strain on
the balance material that is directly related to the change in weight of the sample. This
information combined with pressure and temperature readings provided by a pressure
gauge connected to the chamber and a thermocouple located next to the sample holder
are needed to measure hydrogen storage properties.
Measurements can generally be made under isobaric conditions with no loss of
sensitivity and modification of the thermodynamic driving force or altering the kinetics
by significant pressure changes. This can be accomplished even in static experiments by
providing makeup gas during absorption or bleeding the evolved gas during desorption.
Finally, as explained below (Introduction 5.3.6 ), special care must be taken to avoid
contamination gases in the hydrogen using this method.

5.5 Thermal Gravimetric Analysis Method
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We make a distinction here between the Gravimetric instruments described above and
Thermal Gravimetric Analysis (TGA) in that Gravimetric instruments generally operate
under isothermal conditions with a controlled over pressure of gas. Whereas, TGAs
typically operate under vacuum or low-pressure flowing gas conditions and ramping
temperatures. Some equipment, however, may be setup to operate in all of these
modes. TGA is a thermal analysis technique often used in conjunction with DSC to
determine the hydrogen storage properties of a sample. The first documented use of
TGA was in the study of the efflorescence of hydrated salts in 1912 but it is now
traditionally used in the quantitative investigation of decomposition reactions. TGA is
experimentally similar to DSC but instead of measuring the heat flow as function of
temperature, TGA measures sample weight as a function of time or temperature. This is
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accomplished by placing the sample in an environment that is heated or cooled at a
controlled rate and measuring the weight change.
The equipment necessary to perform TGA consists of an accurate balance, a
programmable furnace, a reaction chamber and a data collection system. As the
temperature inside the furnace and reaction chamber changes, the balance measures
the variation in weight due to various chemical reactions including dehydriding. TGA is
affected by many of the same issues as the gravimetric testing method such as
buoyancy and mechanical disturbances. The buoyancy force exerted on the sample by
the displaced fluid varies with temperature and must be taken into account either
during the experiment, e.g. the tare technique in the gravimetric method, or during data
analysis; mechanical disturbances must be minimized through leveling and antivibration supports. Another complication TGA shares with the gravimetric method is
how to determine the sample temperature. Using a thermocouple to directly measure
the temperature affects the weight reading of the sample. Consequently, care must be
taken to place the thermocouple in such a way that it accurately reads the sample
temperature but does not affect weight readings.
Thermal gravimetric instruments require calibration on both temperature and mass.
Temperature calibration for DTA-TG (Differential Thermal Analysis – Thermal
Gravimetric) instruments is performed using the extrapolated onset temperature of the
DTA peak of the melting points of standard materials. For TG instruments, temperature
is calibrated by the Curie point method or the standard wire melting method.
Mass calibration is performed at room temperature by using standard masses—removal
of a standard weight on the sample holder, where the recorded change in mass is
calibrated to the mass of the standard weight. The drift in baseline upon heating should
be checked by a measurement using a blank sample pan. Following the measurement
with a blank, a standard sample which decomposes quantitatively by several wellseparated reaction steps is subjected to the same measurement (i.e., heating rate,
sweep or carrier gas flow rate and type, final temperature). The corrected mass change
is constructed by subtracting the apparent mass change as a function of temperature
from the sample under study. The experimentally corrected mass loss should be
confirmed and in good agreement with the calculated mass loss from the reaction
stoichiometry.
As with DSC (Differential Scanning Calorimetry) measurements, the sample (solid or
liquid) is weighed into a small crucible/sample pan. Typical sample pans are made of
carbon, aluminum, silica, platinum, stainless steel, or inconel. The sample pan is
selected based on material compatibility with the sample and products. Sample size
should be kept to a minimum, but large enough to observe the necessary mass changes.
With respect to solid samples, the particle size is a critical parameter that will influence
the shape and position of the TG curve. Typical TG experiments are performed under
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either a constant heating ramp or under isothermal conditions. In the isothermal runs,
mass change is recorded as a function of time while at a constant temperature. For the
case of non-isothermal runs, the mass change of the sample is recorded as a function of
temperature while being subjected to a prescribed linear heating rate. A means to
reduce the temperature gradients present within the sample is to impose slower
heating rates (typical heating rates rarely exceed 10 k/min).
Scanned temperature experiments (TGA) are often done using flowing inert gas, such as
argon. Although useful for comparing different materials (catalyzed vs. uncatalyzed, for
example), desorption occurs into an essentially H2-free environment, and thus it does
not reflect the actual conditions encountered in a real storage system application,
where there is always H2 gas present at pressures at or exceeding 1 bar. Interpretation
of desorption temperatures thus must be done carefully. For this reason TGA may be
used as a screening tool, but not as a technique to rely on for realistic system desorption
temperatures. When one really wants to know practical desorption temperatures, the
experiment must be conducted by flowing H2 gas into the TGA at the particular pressure
of interest (say, 1-8 bar).
As mentioned above, in most cases the TG experiments are performed under either an
inert carrier gas or a reactive gas. The flow rates and type of gas will affect the apparent
mass change. Consequently, buoyancy calibration runs need to be made with an empty
pan for a given gas composition, heating rate, and purge/sweep gas flow rate. Buoyancy
calibrations need to be performed on a regular basis, ideally every time a sample is
performed.
5.5.1 Buoyancy
The weight of the fluid displaced by the sample exerts an upward force on the sample
holder that can affect the measured weight change appreciably. The degree of the
buoyancy effect is proportional to the volume displaced by the sample and the density
of the surrounding gas. The upward force due to buoyancy on a symmetric
microbalance like that in Figure 28 is:
Equation 9

m
m 
Fb = gρ∆V = gρ  s − t 
 ρ s ρt 

where ρ is the density of the hydrogen gas, ms and ρs are the mass and density of the
sample and mt and ρt are the mass and density of the tare which may include terms
representing the mass and density of the sample holder (bucket, pan, beam, and the
hang-down wires). At elevated pressures ρ is not only a function of pressure and
temperature but must also include corrections for non-ideal gas behavior. This
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calculation is may be complicated by the fact that at sample temperatures far from
room temperature there will most probably be a temperature gradient (and thus
hydrogen gas density gradient) in the gas surrounding the components of the balance
(pan, hang-down wires, balance beam). In a symmetrical microbalance instrument, it is
generally assumed that both sides of the balance experience the same gradients and are
zeroed accordingly. However, with very small samples, any minute difference in the
instrumental buoyancy may present large apparent mass changes in the sample.
For asymmetric balances (spring balances or magnetic suspension balances), the
influence of buoyancy on the sample and instrument components must be corrected
computationally, taking into account that the buoyancy of the balance parts occurs at
temperatures different from that of the sample. Thus, the upward force due to
buoyancy on an asymmetric microbalance is:

Equation 10

m 
m 
Fb = gρ∆V = gρ (Ps , Ts ) s  + gρ (P, Tx ) B 
 ρB 
 ρs 

where ρ(Ps,Ts) is the density of the hydrogen gas at the sample, ρ(P,Tx) is the density of
the hydrogen gas at various points along the components of the balance (P is constant,
but Tx will vary), ms and ρs are the mass and density of the sample and mB and ρB are
the mass and density of the balance components (bucket, pan, beam, and the hangdown wires).
When the density of the materials is ill-defined (e.g. for many microporous materials)
helium displacement curves can be used to calculate the buoyancy effect. In this case,
the essence of the buoyancy measurement lies in the extraction of the skeletal volume
(Vs=ms / ρs) from the helium displacement curve. This can be performed directly using a
microbalance to determine the skeletal volume of the adsorbent. This measurement is
quite straightforward when a sample is tested on a symmetrical instrument with no tare
weight. This approach is basically the gravimetric [method] equivalent of the free (dead)
space volume measurement in the volumetric [method]. In fact, there might be no need
for separate pycnometry measurements although it can constitute as excellent
verification.
Note that there is some concern that the helium may interact with some materials in a
way that causes error in determining the skeletal volume and consequently may lead to
errors in the quantity of hydrogen absorbed by such a sample. These interactions may
be in the form of helium adsorption or it is possible that the helium pressure may affect
the density of the material. While not common for most materials, this issue will have
the strongest effect on low density, physisorption materials and may be exacerbated by
small sample sizes.
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5.5.2 Gas Impurities
Gas impurity effects are generally much more severe in gravimetric methods than
volumetric methods because samples are much smaller and the total amount of gas
surrounding the samples is many orders of magnitude larger than in the volumetric
case. This means that even at low impurity levels the relative exposure of the sample to
impurities may be orders of magnitude higher. In addition, the weight increase due to
contaminants can not be distinguished from increase due to hydrogen sorption and
therefore gas impurities have the potential to greatly affect measurements; in the
volumetric system, the partial pressure of contaminants is typically negligible compared
to hydrogen and therefore doesn’t affect measurements to the same degree. This
makes it important to reach relatively high levels of vacuum in order to take accurate
measurements.
In contrast to the volumetric method, the effects of gas impurities tend to lead to false
positives, measurements that indicate a sample is a better hydrogen storage material
than it really is. This is because weight increase due to sorption of impure species is
mistaken for hydrogen sorption, although in reality the sorption of hydrogen is
decreasing (poisoning). Once again, it is necessary to minimize gas impurity effects
during testing in order to gain an understanding of a material’s true hydrogen storage
properties. When a gravimetric system is used in a flow-through mode, the sample is
continuously exposure to fresh source gas, thus impurities in the source gas must be
minimized. Use of high purity gas, non-permeable and non-contaminating tubing such
as stainless steel, and, if necessary, passing the source gas through water and oxygen
scrubbers will mitigate the effect of impurities.
The effects of impurities is increased at low temperatures where a (porous) sample can
act as “getter” for molecular species condensing at temperature above the particular
cryogenic temperature used. This can lead to large errors in gravimetric measurements.
There has been considerable concern in the case of hydrogen storage on carbon
nanostructures where important errors can be attributed to impurities in gases, vacuum
quality and gas purity.
Because gravimetric measurements are much more sensitive to co-generation of other
gases (evolved mass, not evolved moles) they often send up warning flags (like when the
weight loss exceeds the total hydrogen content) even when the evolved gas is not being
monitored.
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5.5.3 Heat Transfer
Heat transfer effects are critically important to hydrogen storage measurements and are
resolved from temperature data collected by thermocouples. Ideally, the thermocouple
measuring the temperature of the sample material and the sample are in perfect
thermal contact, allowing the thermocouple to best measure the temperature of the
sample. In gravimetric systems, this is not the case. A thermocouple cannot be attached
directly to the sample because it will affect the sample’s measured weight and is
therefore placed near but not touching the sample. This makes it difficult to measure
the true temperature of the sample and resolve heat transfer effects. In cases where the
thermal gradients in the vicinity of the sample holder are large enough that the
temperature reported by the thermocouple does not represent the true temperature at
the sample holder, calibration with known temperature standards is necessary. System
design that minimizes thermal gradients near the sample is highly desirable.
5.5.4 Leaks
The effects of leaks on the gravimetric method vary widely depending on the type of
experiment. One advantage of the gravimetric method is that leaks that occur during
sorption testing have little effect on the measurement because the gas lost to the
environment is not included in the indirect calculation of concentration like in the
volumetric method. However, the flow of gas in the instrument caused by a leak can
affect the forces measured by the cantilever. Leaks during gravimetric desorption
testing can affect the sample material as well as the measurement. Sub-atmospheric
pressures sometimes used for desorption promote gas contamination and can lead to
poisoning, retardation and other issues associated with gas impurities. This is a serious
consideration when evacuating the sample holder or degassing a sample at elevated
temperatures under vacuum.
5.5.5 Sample Transfer
Some hydrogen storage materials are sensitive to atmospheric oxygen, carbon dioxide
and/or water. Physisorbing materials readily adsorb atmospheric gases and vapors and
must be baked out under vacuum for a sufficient time (3-12 hours) before hydrogen
storage testing. Other materials, such as magnesium-nickel metal hydrides, oxidize
rapidly and can not be exposed to oxygen. Both cases necessitate ‘airless’ sample
transfer between storage containers and the hydrogen storage instrument. Airless
sample transfer is difficult in gravimetric systems because the sample must be loaded
onto a microbalance, a process that often exposes the sample to atmosphere. Some
gravimetric and volumetric systems offer airless sample transfer devices but the process
is typically awkward and while special designs make this manageable, typical systems
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are prone to mistakes that can compromise a sensitive sample. One approach is to
incorporate the entire instrument inside an inert gas glovebox. While this provides a
much higher level of assurance against contamination, it can add considerable
complexity and impracticality to the sorption testing of materials and general, use,
maintenance and repair of the instruments.
5.5.6 Volume Dilatation
Volume dilatation during sorption affects weight measurements in gravimetric systems
by changing the buoyancy forces acting on the microbalance. As the volume of the
sample increases, the amount of hydrogen displaced by the sample also increases. This
increases the buoyancy force acting on the volume that in turn affects the resultant
force measure by the microbalance. This is a particularly challenging consideration
because taring the microbalance with an inert material, a common technique used to
minimize buoyancy effects, will not account for buoyancy effects due to volume
dilatation. If necessary, these can be taken into account by post-data acquisition
processing provided a measurement or reasonable estimate of the sample density in the
sorbed state is available.
5.5.7 Thermal Gradients and Gas Flow Forces
Thermal gradients in the gas phase inside the chamber cause natural convection
currents that can affect the microbalance, leading to noisy weight measurements. Once
perturbed, the microbalance can take a long time to stabilize; therefore it is important
to heat and cool the system slowly to minimize thermal gradients. Careful system
design, including controlled flow channels and baffles to prevent establishing large
convective cells, can help mitigate against thermal gas flow noise. In flow-through
systems, gas flow drag forces on the sample holder and hang-down wires must be taken
into account. These require either running a second, null experiment under identical
conditions in the absence of the sample as a baseline for comparison of the sample run,
or else calibration of the flow forces under various conditions of flow velocity (which
generally changes with the kind of gas, temperature, and pressure).

5.6 Temperature-Programmed Desorption Method
Temperature-Programmed Desorption (TPD) refers to a wide range of experimental
methods that rely on temperature variation and generally include mass spectroscopy to
investigate and quantify desorption reactions. The technique can be used for both
reversible and irreversible processes, with the latter referred to as TemperatureProgrammed Reaction Spectroscopy (TPRS).
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Figure 29. Schematic of typical Temperature-Programmed Desorption
experimental set-up.

TPD measurements may be as simple as measuring pressure rise in a volumetric
instrument or weight loss in a gravimetric instrument while ramping the sample
temperature. However, TPD generally refers to spectroscopic desorption
measurements. The basic set-up for TPD techniques is illustrated in Figure 29. The
sample is loaded into the experimental apparatus (a temperature-programmed heater
contained in a vacuum chamber) and charged with hydrogen until fully loaded. Note
that hydrogen loading may also be performed in a separate apparatus prior to putting
the sample in the TPD instrument. After the remaining gas has been drawn off, the
computer-controlled heater slowly raises the temperature of the sample. This releases
hydrogen that is evacuated to vacuum. A mass spectrometer connected to the
evacuation line analyzes the relative composition of the desorbed gas and quantifies the
amount of hydrogen desorbed by the sample. As with other methods (gravimetric and
volumetric) that employ simultaneous mass spectrometry analysis, TPD systems have an
advantage, in that it can distinguish between hydrogen and other constituents in the
evacuated stream.

Concentration, temperature and time data is obtained through TPD measurements and
can be used to determine capacity, kinetics and thermodynamic properties of a
material. A common data representation for TPD experiments is shown in Figure 30.
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Figure 30. Typical data representation of single-component TPD experiment
with CO. 78
The area under the peak at ~475K in Figure 30 is proportional to the amount originally
sorbed to the sample. In the case of full charging, it represents the capacity of the
material. Kinetics information is obtained from the contour of the spectroscopic peak
and knowledge of the relationship between temperature and time based on the
computer program. Lastly, the temperature associated with the peak is related to the
reaction enthalpy of hydrogen-substrate desorption. Unfortunately, TPD measurements
can only be done at vacuum due to limitations in analytical equipment, effectively
limiting the amount of thermodynamic information that can be collected. Quantitative
analysis requires accurate calibration of the mass spectrometer against known flow
rates. It is also important to understand that TPD or any dynamic type measurement of
measurement gives results that are a convolution of both thermodynamic and kinetic
properties of the hydrogen storage material. This may lead to miss-interpretation of the
results. For example, does a decrease in desorption temperature of a material that is
modified through the addition of a dopant mean that the thermodynamics of the host
material has been altered? Or, is the dopant acting as a catalyst, or a thermal conductor,
or modified the materials morphology such that kinetics are improved, increasing
desorption rates at lower temperatures? For the development of new (reversible)
materials it is important to have information on both the dynamic and equilibrium
hydrogen sorption behavior of the storage material.
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5.7 Differential Scanning Calorimetry Method

79

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to
investigate the thermodynamic properties of a material by measuring the energy
necessary to maintain a sample material and an inert reference material at the same
temperature over a range of temperatures. The relative heat flow to the sample
material as a function of temperature can be used to determine thermodynamic
properties such as specific heat and enthalpy.
Temperature variation in DSC is controlled by a computer and is typically linear in order
to simplify calculation, although nonlinear temperature variation can be used as well.
The specific heat at constant pressure Cp of a sample material (on a per mass unit basis)
as a function of temperature is determined by the equation:

Equation 11

 ∂h 
q(T )
c p (T ) =   =
 ∂T  p dT T
( )
dt

where T is temperature, h is energy, q is heat flow and t is time. The heat flow can be
taken from the data and the temporal temperature variation is based on the computer
program controlling the experiment. In this way, the specific heat as a function
temperature can be determined. Furthermore, the enthalpies of reactions can be
determined from the measurement. For example, the enthalpy of crystallization is
calculated by integrating the specific heat capacity determined from Equation 9
between the temperatures at which the heat flow varies (Tc,1 and Tc,2).
Equation 12

∆H crys =

∫

Tc,2
Tc,1

c p (T )dT

The two most commonly used methods for conducting DSC measurements are powercompensation DSC and heat-flux DSC. In the power-compensation method, the sample
and reference material are placed in independent, identical furnaces. The furnaces are
maintained at the same temperature over a variety of temperatures by varying the
power input. The power input and temperature data are used to construct the DSC
diagram. The indirect and direct variables in power-compensation DSC are flipped in
heat-flux DSC. The sample and the reference material are placed in one furnace and
exposed to the same heat flux. The variation in temperature between the sample and
reference is used to determine the relationship between heat flux and temperature.
In the context of hydrogen storage, Differential Scanning Calorimetry is primarily used
for desorption testing because DSC equipment is not typically designed to handle the
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high pressures required for sorption with some exceptions. The advantage of DSC over
other methods is that other thermal events such as melting or crystal structure changes
may be observed. A significant limitation for testing hydrogen storage using DSC is that
there is no way to determine the amount of hydrogen desorbed by a sample, only the
total enthalpy of a given reaction. For instance, DSC alone would be unable to
distinguish between materials that desorb 0.1 mol H2 with an enthalpy of reaction of 30
kJ/mol H2 from one that desorbs 1 mol H2 with an enthalpy of reaction of 3 kJ/mol H2. It
is important to have an understanding of the enthalpy of reaction per mol hydrogen in
order to compare thermodynamics across materials. This vital consideration for
hydrogen storage should not be overlooked but can be remedied by coupling DSC with
quantitative measurements of hydrogen uptake and release.

5.8 Differential Thermal Analysis Method
Differential thermal analysis (or DTA) is a thermoanalytical technique, similar to
80
differential scanning calorimetry. In DTA, the material under study and an inert
reference are made to undergo identical thermal cycles, while recording any
temperature difference between sample and reference. This differential temperature is
then plotted against time, or against temperature (DTA curve or thermogram). Changes
in the sample, either exothermic or endothermic, can be detected relative to the inert
reference. Thus, a DTA curve provides data on the transformations that have occurred,
such as glass transitions, crystallization, melting and sublimation. The area under a DTA
peak is the enthalpy change and is not affected by the heat capacity of the sample.
A DTA consists of a sample holder comprising thermocouples, sample containers and a
ceramic or metallic block; a furnace; a temperature controller; and a recording system.
The key feature is the existence of two thermocouples. One thermocouple is placed in
an inert material such as Al2O3, while the other is placed in a sample of the material
under study. As the temperature is increased, there will be a difference in the
temperatures (voltages) of the two thermocouples if the sample is undergoing a phase
transition. This occurs because the input of heat will raise the temperature of the inert
substance, but be incorporated as latent heat in the material changing phase.
Today most commercial instruments are no longer true DTA devices but rather have
incorporated this technology into a Thermogravimetric analysis equipment (TGA), which
provides both mass loss and thermal information. Even these instruments are being
replaced by true TGA-DSC instruments that can provide the temperature and heat flow
of the sample, simultaneously with mass loss.
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5.9 TGA/Calorimetry Vital Measurement Practices:
•

Crucibles should be clean and free of contaminants prior to performing
experiments

•

Thermally pre-treating crucibles over the experiment temperature range is
good practice to eliminate unwanted signals during the experiments

•

Be mindful of alloying or corrosive reactions with crucibles

•

Be aware that the crucibles may act as a catalyst for unwanted side reactions

•

Ensure that there is maximum contact between the sample-crucible and the
crucible-sensor pan

•

When using a crucible more than once in a series of experiments it must be
replaced in exactly the same position (especially critical for heat capacity
measurements using a reference). In general, it is good practice to place the
crucibles in the exact position, regardless of whether or not the experiment
is part of a series.

•

Be aware that physically altering the sample (e.g., grinding, etc.) may
introduce differing thermal events as compared to the unadulterated
sample. In kinetic analyses, the crystal form, shape and size may be
important. In contrast, there are cases where smaller particle sizes are
advantageous.

•

Be aware of the temperature and pressure limits, and chemical compatibility
with crucibles. For example aluminum crucibles should never exceed its
melting point of 600°C. To be on the safe side, the upper temperature limit
probably should not exceed 500°C.

•

Be fully aware of the possible reaction products (i.e., toxic, corrosive,
flammable, etc.)

•

Document and use the same crucible cleaning procedures every time. There
may be different cleaning procedures for the different types of crucibles.

•

Be mindful of the pressure limits of the sealed crucibles. A way to estimate
the amount of evolved gases when the possible reactions are unknown is to
perform TGA and measure the mass loss. The mass loss is then converted to
the number of moles of gases per mass of the sample. The pressure can then
be back calculated to ensure the pressure limits of the crucible are not
exceeded.
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•

Examine the thermal analysis curves before undergoing a rigorous detailed
analysis. Spurious thermal/mass events are often the result of crucible
movement, bubbling, foaming, etc.

•

Be aware of the effects of heating rate on the observed signal due to thermal
lag. Thermal lag arises because of large heating rates (typically >30°C/min)
coupled with large sample masses.

•

Be aware of the significant effects of the composition and flow rates of the
carrier gas on the mass and thermal signals. For example the mass signal is
affected because of the buoyancy effects incurred resulting from the type
and flow rate of the purge gas. The heat flow or temperature signals are also
affected by the nature and flow rate of purge gas, in this case the thermal
conductivity and heat capacity of the gas results in differing thermal analysis
curves.

•

It is imperative to perform a comprehensive calibration followed by periodic
checks on all analytical instruments. If upon periodic checks the calibration is
off, then a full comprehensive calibration is then required. Preliminary
experiments should aim to answer the following the questions:

•

How reproducible is the instrument signal when a sample crucible is
removed and subsequently replaced in the apparatus?

•

How reproducible is the instrument signal when the same crucible is
removed and subsequently replaced in the apparatus with different
operators?

•

How sensitive is the instrument signal to crucible placement and crucible
type?

•

How sensitive is the instrument signal as a function of purge/gas type and
flow rate?

•

How sensitive is the instrument signal as a function of samples mass with
respect to thermal lag?

•

How sensitive is the instrument signal as a function of temperature?

•

How reproducible is the instrument signal as a function of operator?

•

Regularly perform calibration runs. In particular for TGA calibrations contain
information on thermal and mass changes (e.g., buoyancy corrections)
associated with the instrument and specific operating conditions.
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5.10 Important Consideration: Gas Composition
All testing methods (with the possible exception of TPD spectroscopy) rely on the
assumption that the change in the direct variable used for correlation during desorption
is due to hydrogen gas alone. Unfortunately, this assumption is not always valid. During
desorption, it is possible to evolve gases other than hydrogen by chemical reaction of
the sample material itself. These evolved gases can affect pressure and weight
measurements and can contaminate experimental data.
Unless the gas evolution properties of the material are well established, for many
materials it may be highly incorrect to assume that the change in the [directly
measured] correlation variable, such as weight or equilibrium pressure, is due entirely
to hydrogen. In particular, this can produce seriously misleading results in making
hydrogen storage measurements during desorption. In addition, impurities (water,
oxygen…) in the hydrogen gas stream used to charge a sample may be gettered out of
the hydrogen, causing a significant weight change that may be misinterpreted as
hydrogen absorption. In terms of hydrogen absorption capacity measurement this
contaminated gas problem is much more significant for gravimetric measurements than
volumetric measurements because of the ratio of the quantity of gas to sample size and
the fact that sample weight change is being equated to hydrogen content. In volumetric
measurements the pressure change due to sorption of ppm level impurities would be
minimal, if even measureable. Whenever possible we recommend using a secondary
technique, such as mass spectrometry, to validate weight loss or gain measurements in
gravimetric systems. Volumetric measurements should likewise be tested for evolution
of gases other than H2 which can lead to capacity loss or possibly decreased kinetics
with cycling (e.g. nitrogen loss in amides) or detrimentally affect fuel cell catalysts
(evolution of ammonia from amides).
One way to account for non-hydrogen gases is to use a mass spectrometer to determine
the composition of the desorbed gas. The mass spectrometer is connected to the outlet
line of the sample holder and tests a representative sample of the evolved gas,
outputting the relative composition of the individual species via their partial pressures.
One caveat when using mass spectrometers is the production of a virtual H2O signal.
Water and air are often present in the background spectrum, especially in the absence
of a complete bake-out of the experimental equipment. However, depending on the
state of the mass spectrometer being used, the filament itself can be partially oxidized
and when testing H2 for impurities, the H2 can reduce the filament to create water.
Although the mass spectrometer registers the water, it may not necessarily be coming
from the material.
In some alanate-amide mixtures, the gas evolved from a sample during desorption is not
all hydrogen. Trace amounts of ammonia can be found as well, as shown in Figure 28.
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Figure 31. Residual gas analysis of alanate-amide sample discussed in the
Kinetics section.57
Water is a common background contaminant, but is also found as a contaminant of
hydrogen storage materials, generally due to adsorption from air due to improper
sample handling prior to testing. The presence of ammonia is much more interesting in
this case. Under elevated temperature, the alanate-amide mixture reacted to
measureable amounts of ammonia as well as hydrogen, although the exact mechanism
for the reaction is unclear. This type of unexpected gas evolution shows a critical need
to apply other analysis to validate the gas composition assumption inherent in the
testing methods. Simultaneous measurement of gas composition and (inferred)
concentration is highly preferred until it can be assured that co-evolution of other
species does not occur from the particular material. Gas phase infrared spectroscopy of
polyatomic gases such as ammonia, water, carbon dioxide, carbon monoxide, etc, is a
particularly powerful tool to complement mass spectrometry.

5.11 Important Calibration Consideration: Helium Adsorption
5.11.1 Background For The Issue Of Helium Adsorption
In both the volumetric and gravimetric capacity measurement techniques, it is usually
necessary to calibrate the apparatus with the sample present and using a non-adsorbing
gas to subsequently determine the Gibbsian excess hydrogen adsorption. In the
volumetric case, the calibration determines the free space in the sample container; in
the gravimetric, it is used to determine the skeletal volume of the sample so that
buoyancy effects can be accounted for. Almost universally, helium is the gas of choice
for these calibrations with its small size and ability to penetrate tiny pores and it is very
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weakly interacting so that adsorption effects are minimized. It is especially suited in
hydrogen sorption experiments because of hydrogen’s correspondingly small size and
they share a similar thermal conductivity which is important in measurements where
the apparatus is non-isothermal. The critical assumption made during these calibration
procedures is that helium is not adsorbed onto the sample. What are the consequences
when this assumption fails and what procedures exist to compensate for this failure?
This section discusses just this topic and it should be noted that Sircar has addressed
this issue extensively for the case of an ideal gas81,82,83 and that other authors have also
84,85,86
investigated this issue.
As a starting point in the discussion we ask: Under what circumstances will the nonadsorption assumption most likely fail? As we expect the helium atom to only interact
with the surface atoms of the sample, samples with high specific surface areas will be
the most problematic. This is further borne out by realizing that the intent for the
volumetric and gravimetric calibrations is to effectively measure the skeletal density of
the sample and that samples with a high surface-area-to-volume ratio will most likely be
susceptible to errors introduced by helium adsorption. Additionally as the temperature
of the sample and helium gas decreases, the relative influence of any helium-sample
interaction will increase. Thus high-surface-area samples at low temperatures will have
the largest helium adsorption effects. Still, this is a relative statement and it is found
that there are significant effects for high-surface-area samples even at room
temperature.
What influence does helium adsorption have on the instrument calibration? For the
volumetric or “free space” calibration, the adsorption of helium reduces the pressure
and results in the free-space volume being calculated larger than it actually is. When
this calculated volume is then used to determine the hydrogen adsorption, the
adsorption is underestimated. So ignoring the helium adsorption effects will
underestimate the hydrogen adsorption but it will still yield a lower-bound estimate for
the Gibbsian-excess hydrogen adsorption on the sample. Similarly, it can be shown for
the gravimetric measurement that ignoring any helium adsorption during the calibration
also results in underestimating the hydrogen adsorption and again produces a lowerbound estimate.82
Sircar82,83 treated the case where the helium adsorption follows Henry’s law:

Equation 13

n He = ms K He (T) PHe
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where nHe is the number of helium moles adsorbed, ms is the mass of the sample, KHe(T)
is the temperature-dependent Henry’s Law constant for helium on a particular sample
type and PHe is the helium pressure. This is the “worst-case” scenario for not detecting
helium adsorption and its interference with the calibration because for a given
temperature and for an ideal gas, this helium adsorption exactly mimics an effective
extra volume and shifts the apparent volumetric free-space calibration to a higher value.
In other words, performing the calibration measurements as a function of pressure
alone will not reveal the occurrence of helium adsorption.
If Henry’s law is modified so that it is proportional to the helium density, ρHe, instead of
the pressure:

Equation 14

n He = ms K He (T) ρ He

then the situation is identical except that the constraint of gas ideality is relaxed. In fact,
the effective extra volume is the sample mass times the modified Henry’s law constant,
82,83
The modified law
ms K He (T) , as it has the proper units and has been shown as such.
is equivalent to the normal law when the gas is ideal, and in general, appears physically
plausible as it linearly relates the adsorbed amount on the surface to the number of
helium atoms near the surface of the material.
If the helium adsorption does not follow Henry’s law (normal or modified), then in
principle, one could detect that the helium adsorption was occurring by observing a
pressure-dependent calibration result (assuming other causes of such behavior have
been eliminated). However, this is not to say that the helium adsorption could be
quantitatively determined since any linear (Henry’s law) component would be masked
as discussed above. Instead, it is anticipated that performing the calibration at various
temperatures could reveal both its occurrence and its magnitude under the proper
circumstances. 82,84,86 The reasoning behind this is the strong temperature dependence
expected for any helium adsorption with it rapidly decreasing with increasing
temperature. The most straightforward situation occurs when it is possible to measure
the free-space volume (or equivalently the skeletal density) as a function of increasing
temperature and observing the measurement reach an asymptotic value.86 This value is
the true value and carries the assumption that negligible helium is adsorbed at the
higher temperatures. Additional assumptions needed are:
1) thermal expansion
effects are either negligible or compensated for; 2) the sample can reversibly withstand
excursions to the elevated temperatures; and 3) the necessary instrumentation,
procedures, and calibrations exist to perform such measurements.

Page 111 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 1: Introduction

5.11.2 Best Practices For The Issue Of Helium Adsorption
These practices follow in no particular order. Any methodology used should be clearly
reported with its respective data. It is also assumed that all other possible errors have
been minimized through proper experimental protocols, well-calibrated
instrumentation and verified data analysis procedures. It is useful to try several of the
approaches listed below for comparison and to check for self-consistency.

5.11.2.1 Gibbsian Excess Lower Bound
As stated above, it is possible to assume that no helium adsorption is occurring in
conjunction with performing a standard calibration using helium and the sample present
(w/S). Then by processing the hydrogen adsorption data using that calibration result,
one arrives at a lower-bound estimate for the Gibbsian excess adsorption. Although this
is counter to the inclination to report the absolute best numbers possible, it provides a
good solid number. This number will most likely be the highest adsorption number
reported that simultaneously maintains a high degree of confidence. As many
researchers may not be aware of the helium adsorption issue, the corresponding values
reported in the literature may actually be this value de facto. This is a good reason why
the methodology used to treat helium adsorption be explicitly described when reporting
Gibbsian excess values.

5.11.2.2 Engineering Excess
It is possible to measure the free space or buoyancy with helium and with no sample
(n/S) present to determine the empty volume (volumetric) or empty buoyancy
(gravimetric) of the sample holder. If this empty value is then subsequently used for the
calculations of hydrogen adsorption obtained with the sample present, a firm estimate
of the engineering excess is obtained. This calculation is useful in answering the
question on whether an empty pressure vessel is better at storing hydrogen than one
filled with the material being tested. As the engineering excess values are lower than
the Gibbsian excess lower bound, these numbers tend to be reported only when this
particular question is being addressed. Still, it offers two advantages: 1) it is easy to
measure the empty calibration with a high degree of confidence, and 2) in principle, this
calibration measurement only needs to be performed once and can be used indefinitely
as long as it can be proven that the sample vessel volume or buoyancy is constant over
time and under repeated sample loadings and multiple instrument mountings.
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5.11.2.3 Independent Skeletal Density
Direct knowledge of the sample’s skeletal density coupled with the sample’s mass and a
n/S calibration will theoretically allow one to arrive at the true Gibbsian excess
adsorption value. This is done by using the sample mass and skeletal density estimate
to calculate the sample volume and then using that information to adjust the emptysample-vessel calibration value. Unfortunately, the skeletal density is usually
determined by helium pycnometry so the helium adsorption issue remains. However by
using an independent measurement, such as apparent skeletal density versus
temperature, it may be possible to obtain a good estimate of the true skeletal density.
Furthermore, there may exist upper- and lower-bound estimates for the skeletal density
and these could then be used to determine upper- and lower-bound estimates for the
Gibbsian excess adsorption. These estimates should be compared to the one obtained
from the Gibbsian excess lower bound discussed above.
5.11.2.4 Independent Helium Adsorption
Independent knowledge of the sample’s helium adsorption properties allows
corrections to be made to the w/S calibration. If the sample follows a modified Henry’s
law, the correction consists of subtracting the effective volume, ms K He (T) , from the
free space calibration volume for the volumetric case or by adding this volume to the
sample volume for buoyancy correction. As the Henry’s law constants are largely
unknown for the wide range of new and novel materials being tested for hydrogen
storage properties, having some predictor to estimate the Henry’s law constant would
be valuable. One possible predictor is to correlate the Henry’s law constant with the
surface area as measured by nitrogen BET.85 In this way, a rough estimate of the
Henry’s law correction is made, as these materials are often tested for their surface
area. It should be noted however that the BET-Henry’s law correlation has a fair degree
of scatter and should only be used as an estimate.
5.11.2.5 Recommendation for Low Temperature
The adsorption of helium onto the sample will drastically increase as the temperature is
lowered. Rather than attempting to perform a w/S calibration at low temperatures and
then correct for the helium adsorption, it is recommended to perform any w/S
calibrations near or above ambient temperatures only. A low temperature calibration is
still required to measure the volume at low temperature, but an empty sample holder
can be used for that purpose. The sample volume measured at high temperatures can
then be used to correct for the low-temperature volume to estimate the volume with
the sample present. It is much easier to correct for the other weaker temperature
effects in the sample (e.g., volume contraction) than to correct for the helium
adsorption effects which has a much-stronger Arrhenius dependence with
56,87
temperature.
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5.12 Reporting Measurement Results:
In order to collect high quality pertinent data from any experimental work, best
practices require: 1) a good understanding of the principles of the measurement
technique, 2) extreme care in performing the measurements with a focus on attention
to details and a certain cautious skepticism of unusual results, 3) a solid knowledge of
how to process and analyze the data, and 4) an appreciation of inherent limitations of
the methods and data analysis.
Some guidance for reporting results of hydrogen storage materials have been suggested
4,88,89
The following are this document’s recommended Best
in recent publications.
Practices for reporting experimental results. The items listed below may not be the
complete set of reporting requirements for all experimental work, but they are a good
basis set. The purpose of these recommendations is to allow the scientific community to
reproduce your results, exactly. Data cannot be considered valid data if it cannot be
reproduced independently. Any variable or condition that can affect the results should
be reported.
When in doubt, report it.
Sample Properties
•

Identify all samples used in the experiment.

•

Identify the source and purity of sample:
-

If vendor supplied, or

-

If prepared in-house.

•

Document the synthesis method and sample purity (XRD, NMR, etc.).

•

Document CAS number, Lot #, Batch #, etc.

•

Document sample history, e.g.

•

Indicate whether the sample was used as-received from vendor or was the
sample treated (thermally, chemically, physically, etc.,) prior to running
experiment. This includes activation of the sample under hydrogen, or
degassing the sample. Include a full description of the conditions of these
pre-treatment processes.

•

Indicate the physical properties of the sample, e.g.:
-

Porosity, surface area, particle size, etc.
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Experimental Conditions
•

State the analytical equipment used (manufacturer, model #, etc.)

•

Document the sample conditions: e.g. temperature program (thermal
treatment) performed in the experiment (e.g., dwell times for isothermal
steps, heating rates, initial and final temperatures).

•

State precisely the sample atmosphere (environment) during the experiment
(e.g., flow rates, purity, composition, pressure, etc.). Include the purity of
hydrogen gas supply, any filtration, or purification.

•

State precisely the type of sample holder or crucible used:
-

Dimensions and volume,

-

Composition (e.g., platinum, alumina, stainless steel, etc., ),

-

Type of sample holder or crucible (e.g., closed (sealed) or open),

-

Indicate pressure rating of closed/sealed crucible.

•

Sample mass (indicate accuracy of balance).

•

Indicate the long term stability of the balance for gravimetric measurements.

•

For most measurements, but in particular gravimetric measurements it is
valuable to report the total duration time of the measurement.

•

Know the accuracy and precision of the measuring devices (thermocouples,
pressure transducers, gravimetric balance, mass flow controller, volumes,
spectrometer, etc.). Be sure to report the accuracy, baseline drift, precision,
detection limits, etc., of the instruments used.

•

Report the temperature stability of the instrument and sample.

•

For volumetric measurement equipment, report the various dosing and
sample holder volumes. Include the gas displacement volume of the sample
and how it was derived.

•

Reporting the leak rate of the instrument is important for volumetric
measurements as the capacity is determined from measured changes in
pressure. It is equally important to know and report leak rates for other
experimental apparatus (gravimetric…) because positive pressure leaks may
cause instability in the measurement and air leaks with the sample under
vacuum may contaminate the sample.
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•

In the same regard, the type of vacuum pump and base pressure (on the
sample) should also be reported when used.

•

In addition, it is helpful to indicate the cleaning method, the loading method
and the loading environment (e.g., argon filled glove box).

Data Acquisition
•

Perform and report regular calibrations of equipment.

•

Perform and report validation of experimental equipment by running
standard or bench-mark samples. The best practice is to perform a validation
experiment before every critical experiment. Validation samples should be
appropriate for the instrument (see the manufacture’s guidelines) and
representative of the experimental conditions (Temperature, Pressure…) that
will be used in the subsequent measurements.

•

Describe in detail the calibration methods employed (indicate the
composition, purity and temperature or mass range for all calibration
standards employed).

•

For volumetric measurements, the method used to determine the dead
volume of the sample should be reported (instrument, inert gas type,
temperature of the sample…).

•

For gravimetric measurements, the buoyancy effect corrections applied to
the data should be reported including any assumptions or measurements
made in determining the sample’s gas displacement volume.

•

State the data sampling rate.

•

State the time to reach equilibration, or the method used to determine the
duration of a dose when doing equilibrium (e.g. PCT) measurements.

•

State the method used to determine gas compressibility factors (important
for both volumetric and gravimetric measurements and critical at high
pressures or low temperatures).

•

Describe the method used to compensate for variations in gas density with
temperatures gradients. This effects both the bulk gas density corrections to
capacity determination in volumetric measurements and the buoyancy
corrections in gravimetric measurements.

•

State exactly the type (and units) of capacity being reported. For
physisorption experiments, state whether capacity being reported is “excess”
or “absolute” capacity and, if “absolute” what assumptions were made in
calculating the capacity.
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•

State the software used for data collection (LabView, Calisto, etc.).

•

Indicate all signal conditioning/smoothing transforms.

•

Report data regression/manipulation.

•

Clearly state the equations used for calculation of sought after data (e.g.,
heat capacity, heats of reaction, etc.).

•

State clearly the assumptions made during data regression (e.g., ideal gas
behavior, C p ( solid ) ≈ CV ( solid ) , etc.).

•

Perform and indicate the statistical analyses on collected data and on the
calibration standards (don’t think your data is good, but rather know how
good your data is!).

•

Quote errors and/or standard deviations.

•

Do not report values to an unjustified number of decimal places (to how
many figures is the value significant to?).

•

Produce graphs that clearly present the results with an attempt to identify all
thermal and/or mass change events.

•

Make attempts to correlate chemical and/or physical transformations with
observed thermal, pressure, and/or mass change events.

•

Make sure results and the conclusions agree.

Results

6 Summary
It is our intent that this overview of fundamental processes and measurement
considerations will aid research and development of new and better hydrogen storage
materials. In particular we hope to have clarified some of the recommended practices
and caveats in performing high-quality experiments to measure the hydrogen storage
properties of advanced materials.
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Section 2: Kinetics Measurements
Measurement of hydrogen sorption and desorption kinetics is important for practical
hydrogen storage system performance, advanced materials development and
fundamental research on the mechanisms of hydrogen uptake and release.
In this chapter we will provide an overview of the purpose of kinetics measurements,
introduce some modeling of mechanisms, discuss important considerations that affect
kinetics measurements, and present some methods to improve kinetics.
The proper characterization of hydrogen storage properties is one of the most crucial
and time-consuming steps on the road to the discovery and development of advanced
and practical materials. Because of this, it is important that measurements, including
kinetics measurements, are informative, reliable and consistent with accepted
standards. The intent of this chapter is to describe some common practices accepted in
the field of hydrogen storage and to highlight important considerations both positive
and negative that can have a strong impact on kinetics measurements.

1 Introduction and Definitions
As an introduction, we will briefly review definitions in chemical kinetics in general and
then discuss kinetics as it pertains to hydrogen storage materials.

1.1 Chemical Kinetics
The following description of kinetics involves excerpts from general textbooks on the
topic. This is intended only as a general introduction to the field. For a more detailed
discussion, please see the references at the end of this document.
“Kinetics deals with the speed or rate at which reactions proceed and the rate
of reaction are defined simply as the rate of change of concentration for
reactants and products… The rate of a chemical reaction depends on several
factors in addition to reactant concentration. In some cases the rate is
influenced by the products, substances such as catalysts, or even chemically
inert species. Of greater general importance is the fact that in almost all cases
the rate varies with temperature, often very considerably.16
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The following factors affect reaction rates:
1.1.1 Nature of the Reactants
“Depending upon what substances are reacting, the reaction rate varies. Acid
reactions, the formation of salts, and ion exchange are fast reactions. When
covalent bond formation takes place between the molecules and when large
molecules are formed, the reactions tend to be very slow.” 90

1.1.2 Heterogeneous vs. Homogeneous Reactions
The physical state (i.e. solid, liquid, gas) of the reactants is also important. If
the state of all of the reactants is the same, they will mix and the result will be
a homogeneous reaction. If the reactants are of different phases or for some
reason cannot mix, then the reaction is heterogeneous and limited only to the
interface between the reactants. Heterogeneous reaction rates therefore scale
with surface area. 15

1.1.3 Concentration
“Concentration plays an important role in reactions. According to the collision
theory of chemical reactions, this is because molecules must collide in order to
react together. As the concentration of the reactants increases, the frequency
of the molecules colliding increases, striking each other more often by being in
closer contact at any given point in time. Imagine two reactants in a closed
container. All the molecules contained within are colliding constantly. By
increasing the amount of one or more of the reactants you cause these
collisions to happen more often, increasing the reaction rate.”90 An equation
that describes the relationship between the rate of reaction and the
concentration of all species in the reactor is called a rate equation and is
presented in detail in section 2.2.2 .
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1.1.4 Temperature
“Temperature usually has a major effect on the speed of a reaction. Molecules
at a higher temperature have more thermal energy. When reactants in a
chemical reaction are heated, the more energetic atoms or molecules have a
greater probability of colliding with one another. Thus, more collisions occur at
a higher temperature, yielding more product in a chemical reaction. More
importantly however, is the fact that at higher temperatures molecules have
more vibrational energy; that is, atoms are vibrating much more violently, so
raising the temperature not only increases the number of collisions but also
collisions that can result in rearrangement of atoms within the reactant
molecules.” 90 Temperature has a profound effect on reaction rates, most often
described by the Arrhenius equation. This is presented in detail in section 2.2.1
of this chapter.
1.1.5 Catalysts
A catalyst is a substance that increases the rate of a reaction without modifying
the overall standard Gibbs energy change in the reaction… this definition is
equivalent to the statement that the catalyst does not enter into the overall
reaction; it is both a reactant and a product of the reaction.26 A catalyst
increases the rate reaction by providing a lower energy pathway from
reactants to products (Figure 32).
“Ostwald defined a catalyst as ‘a substance one adds to a chemical reaction to
speed up the reaction without the catalyst undergoing a chemical change
itself.’ …this definition is not quite accurate. Catalysts do undergo chemical
changes during the course of reaction. It is just that the changes are reversible,
so that the catalyst is not consumed as the reaction proceeds. Example of
catalysts include the acids in your stomach that you use to break down food,
and the enzymes that people put in detergents to make the detergent work
better. Most chemical processes use catalysts at some stage in the production
process.
…One of the key features of catalysts is that they change the form of the rate
equation. In the gas phase, rates of reactions are often proportional to the
reactant concentrations to some simple powers. However, catalytic reactions
follow much more complex rate equations. It is common for the rate of a
catalytic reaction to be constant or even go down as the concentration of one
of the reactants increases. This is quite different from gas-phase reactions,
where rates generally increase with increasing reactant pressure.15
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Figure 32. Generic potential energy diagram showing the effect of a catalyst in
a hypothetical endothermic chemical reaction. The presence of the catalyst
opens a lower energy reaction pathway (shown in red) with a lower activation
energy. The final result is an increase in the rate of the reaction while the
overall thermodynamics remain the same.90
1.1.6 Equilibrium
The concept of equilibrium is an important link between thermodynamics and
chemical kinetics. Equilibrium does not determine the reaction rate of a
system, but rather is defined by the statement “at equilibrium, the rate of any
forward chemical reaction… must equal the rate of the reverse chemical
reaction.” This is most easily represented by the concept of the equilibrium
constant.
For example, for the reaction A + B ↔ C + D, the equilibrium constant is
defined as

Equation 15

K 1, 2 =

k1 [C ][ D]
=
k 2 [ A][ B]

Where k1 is the rate of the forward reaction, k2 is the rate of the reverse
reaction, and brackets representation concentration. Therefore, if k1 = k2, the
product of the concentration of the products will equal the product of the
concentration of the reactants at equilibrium.15
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“In chemical kinetics, reactions that simultaneously and independently
proceed in two directions – the forward and reverse ones – but at different
rates, are called opposing, two-way, or reversible. It is characteristic of
reversible reactions that in a certain time after they begin the rates of the
forward and the reverse reactions become equal and a state of chemical
equilibrium sets in.
All chemical reactions are reversible, but in definite conditions some of them
can proceed only in one direction up to the practically complete disappearance
of the reactants. Such reactions are called irreversible. Usually reactions are
irreversible in which at least one product is removed from the sphere of the
reaction (when reactions proceed in solutions a product precipitates or evolves
in the form of a gas), or which are attended by a great positive heat. When
considering ionic reactions, a reaction is practically irreversible if its products
include a very poorly soluble or poorly dissociated substance. 91
While all chemical reactions are reversible, for the purposes of hydrogen
storage they may not be because of practical considerations such as limits on
achieving conditions of temperature, composition, and/or pressure to achieve
reversibility. As described above, reactions may be rendered irreversible when
one or more products are removed from the system. For example,
precipitation of a solid or evolution of a gas from a homogeneous reaction
solution effectively removes a product from the reaction system, causing the
reaction to be irreversible. Another example of irreversibility occurs when the
reverse reaction becomes thermodynamically highly unfavorable, such as is the
case for many highly exothermic forward reactions. To drive such a reaction in
reverse, the temperatures or pressures may be unachievable because of
experimental or practical limitations, or because of high temperatures leading
to decomposition of products and/or reactants.
1.1.7 Free Energy
The concept of Gibbs free energy change, ∆G is “the indicator of spontaneity of a
reaction or physical change at constant T and P. If there is a net decrease of
useful energy, ∆G is negative and the process is spontaneous.” It is defined as:

Equation 16

∆G = ∆H − T∆S
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Where ∆H is the change in enthalpy, T is the temperature and ∆S is the change in
entropy. The heat of formation, ∆Hf, and the entropy of formation, ∆Sf, are
roughly independent of temperature, and therefore can be used to determine
the spontaneity of the reaction at various temperatures by inserting them into
Equation 16. 92 It is important to note that the Gibbs free energy only determines
whether the reaction will occur, but says nothing about the speed of reaction.
For that we must rely on kinetics.”

1.2 Kinetics in Hydrogen Storage
For hydrogen storage, kinetics is generally taken to mean the rates of hydrogen sorption
and desorption from a storage material occur. A primary distinction between capacity
and kinetics in reversible systems is that capacity measurements are theoretically taken
at thermodynamic equilibrium, independent of the time required to reach equilibrium,
while kinetics investigates how the material approaches equilibrium and what
influences this approach. The availability of hydrogen in a storage material is dependent
on the kinetics of the material under the system operating conditions. While a material
might demonstrate high hydrogen storage capacity, the amount of hydrogen practically
available may be significantly less depending on the material’s intrinsic kinetics versus
what the application requires. A number of different intrinsic properties of a storage
material may control kinetics including surface interactions, transport phenomena,
93
hydrogen-substrate storage mechanisms and phase change. External factors such as
temperature and pressure (in the case or reversible systems) also have a profound
effect on hydrogen sorption and desorption kinetics.
In its most simple form, a kinetics experiment provides a useful measure of the rate of
hydrogen uptake or release from a storage material. Unfortunately, comparing kinetics
data across materials and experimental setups can be complicated. For example, one
way to compare kinetics is to consider average rates. A common practice is to define the
average kinetic rate as the time to reach 95% of the full capacity. However, as is
demonstrated in Figure 33, it is possible to derive the same average sorption rate for
materials that, in fact, exhibit very different kinetic character. Thus, it is important not
only to compare average rates but also to compare the shape of the kinetic curves.
Factors that can influence the experimental rates are discussed in the section on
experimental and analysis considerations (Section 3 ).
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Figure 33. Hypothetical concentration versus time curves showing three
different kinetic behaviors that have the same average rate at t95%.

1.3 Impact of Heat Transfer
Kinetics measurements are conducted to quantify the kinetics performance of hydrogen
storage materials and identify the potential intrinsic mechanisms controlling hydrogen
uptake and release. Identification of the kinetic mechanisms, most specifically the ratecontrolling mechanism, is instrumental in developing materials with improved kinetics
properties. It is not easy to perform measurements to accurately determine the
potential intrinsic rate-controlling mechanism however. Early in hydrogen storage
research, intrinsic material properties like surface effects, mass transport and storage
mechanisms were generally assumed to be the rate-controlling mechanisms. In reality,
heat transfer and other thermal effects dominate rates for nearly all reactions in
94
hydrogen storage systems and measurements.
In taking kinetics measurements, heat transfer (i.e. maintaining as much as possible a
constant sample temperature) is the most important effect for which researchers
must account. The temperature of sorption/desorption is the most influential variable
in hydrogen storage kinetics for both chemisorbing and physisorbing materials. It is
imperative that measurements are taken under isothermal conditions in order to
minimize the effects of heat transfer and identify the potential intrinsic reaction
mechanisms. Isothermal measurements are difficult in systems with poor heat transfer
and fast intrinsic kinetics because the heat generated or taken up during hydrogensubstrate interactions can cause local temperature excursions that profoundly affect
rates. All too often, rates reported in literature are in fact heat transfer rates because
the sorption/desorption process is limited by an experiment’s ability to supply or
Page 124 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 2: Kinetics Measurements

dissipate energy. Heat transfer-limited kinetics measurements occur primarily because
of improper equipment design and errors in experimental protocol. The effect of heat
transfer on kinetics measurements is underscored by Dantzer in 1997: with regard to
kinetic measurements on hydrogen sorption in LaNi5, before 1983-1985, attempts to
interpret data in terms of a microscopic [kinetics] model are questionable since no proof
is provided on the isothermal conditions of the experiments.58 The effects of heat
transfer are addressed often to reinforce their importance to the field. Further
discussion on steps that can be taken to minimize the effects of heat transfer can be
found in the experimental and analysis considerations section 3 of this chapter.

2 Kinetic Theory
This section is designed to familiarize the reader with knowledge of the fundamental
mechanisms of hydrogen uptake and release. It will also briefly review the process used
to identify rate-limiting mechanisms through mathematical modeling.
Kinetic theory is a complicated and heavily researched field and a complete review of its
content is beyond the scope of this work as an introductory document on hydrogen
storage properties and testing. Accordingly, the kinetic theory section 2 is restricted to
a brief overview. The authors will use references extensively in order to both summarize
information and provide the reader with avenues for further inquiry into the subject of
kinetic theory.

2.1 Fundamental Mechanisms of Reactions
In order to improve the kinetics properties and performance of potential hydrogen
storage materials, it is important to gain a fundamental understanding of the underlying
rate-controlling steps. The sorption and desorption of hydrogen by a material involves a
number of important steps that occur in series and in parallel. For different sorption and
desorption processes as well as for different hydrogen storage materials, the
mechanisms controlling these steps differ. In general, there are three broad categories
of kinetics mechanisms: surface interactions, mass (hydrogen, potentially the host
elements) and energy transport (heat transfer), and bond breaking and bond forming
mechanisms. Surface interactions, mass and energy transport and binding mechanisms
are considered intrinsic processes. Mass and energy transport also depend on a number
of extrinsic considerations including the particle size, packing density, the shape of the
sample and sample holder, the thermal contact between the sample and sample holder,
and the mobility and pressure of the gas. Any one mechanism of these parameters may
be rate controlling, although heat transfer is often rate-controlling in practical
application. Moreover, for reversible storage materials, the rate-controlling mechanisms
may not necessarily be the same for sorption and desorption. Careful experimental
control is required to develop mechanistic understanding of any chemical process.59
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Sorption and desorption in physisorbing materials (at least) is a two-step process
consisting of mass and energy transport and surface interactions/binding mechanisms.
Hydrogen is only transported through the void volume of the material and physisorption
occurs at the surface of the host material with minimal effect on the structure of the
material. In this sense, surface interactions/binding mechanisms can be considered
equivalent phenomena in physisorbing material and will be addressed in the
physisorption binding mechanisms section below. In chemisorbing media, surface
interactions and bulk diffusion present distinct steps in the process of hydrogen storage
and one or both may play the key role in hydrogen storage kinetics. The following
section on surface interactions will discuss the various surface interactions that affect
hydrogen storage kinetics.
2.1.1 Binding Mechanisms
Hydrogen storage mechanisms differ for physisorption media and for storage media
where the interaction between hydrogen and the storage material involve bond
breaking and bond making between hydrogen and the host. The relative strength of the
bonding situations between these two classes of storage greatly influences the kinetics
and thermodynamics
2.1.1.1 Storage by Physisorption of H2 on Surfaces
For physisorption, molecular hydrogen interacts with the surface via weak van der
Waals forces and remains in molecular form, H2. Storage through physisorption is
primarily limited to porous and nano-structured materials, where high surface area-tovolume ratios contribute significantly to storage capacity. In these types of materials,
the external surface structure dictates the accessibility of the internal pore structure
and the internal surface area dictates the degree of physisorption. Hydrogen
interactions with the surface can occur through dipole-induced dipole and induced
dipole-induced dipole interactions (Figure 34), with heats of adsorption (physisorption)
ranging from 4-10 kJ/mol depending on the nature of interaction.12,95

Figure 34. Left: Dipole-induced dipole van der Waals interactions. Right:
Induced dipole-induced dipole van der Waals interactions.95
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In Figure 33 below, the heat of adsorption is shown on the H2 + M potential energy
curve as EP. Van der Waals forces dominate kinetic forces at low temperatures because
molecules have relatively low kinetic energy under these conditions, allowing weak
intermolecular forces to bond hydrogen to a substrate.
It should be mentioned that the energy of physisorption is enhanced in small pores
owing to the overlap of attractive fields from opposite walls. Therefore, there is
considerable interest in the development of porous materials with pore of nanometer
dimensions. The extent of adsorption depends on the surface area and the micropore
volume. The characterization of samples in terms of surface area is subject to
controversy, especially for microporous materials. On these materials, the surface
measured will depend on the size of the probe molecules, the model use (BET or
Langmuir), the extent of micropores filling etc.

2.1.1.2 Storage of Hydrogen by Forming Hydrides
The dissociation of hydrogen and the subsequent bond formation to yield bulk hydrides
or interstitial metal hydrides provides the basis for a substantial number of hydrogen
storage materials. Depending on the type of hydride bond formed, hydrides may be
classified as ionic, metallic(interstitial?) or covalent hydrides. A thorough review of the
chemistry of hydrides can be found in the book “Hydrides” by Wiberg and Amberger and
in particular on metal hydrides in the book “Metal Hydrides” edited by Muller,
Blackledge, and Libowitz.6 The important point is that the kinetics of hydrogen uptake
and release may involve many complex steps including adsorption, dissociation, surface
diffusion, bulk hydrogen diffusion, hydride formation, reactant diffusion, phase
separation, catalysis, etc.

2.1.2 Mass Transport
The kinetics of hydrogen storage in reversible systems is strongly influenced by the
mobility of hydrogen and potentially the storage material itself and the transport of
energy through the storage media (material and gas). The mobility of hydrogen,
reactants, and energy within the storage media involve a wide range of transport
properties. For simplicity we have divided the discussion of transport mechanisms into
physisorption and hydride storage media.

2.1.2.1 Physisorption
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For porous materials, molecular hydrogen easily passes through macroscopic
boundaries and is transported through the network of pores to the internal surfaces of
the material. Transport through the internal networks is governed by porous mediaspecific transport laws. Darcy’s Law is a well-known momentum transport constitutive
equation in porous media that relates the velocity with respect to the porous media ν to
the viscosity of the fluid (hydrogen in this case) µ, the diagonal permeability tensor K,
and the piezometric pressure, P.96
Equation 17

v =−

1

µ

[K ⋅ ∇ P ]

Transport of fluids in porous media is the subject of extensive study and the reader is
encouraged to review several books on the subject. 97, 98

2.1.2.2 Hydrogen Diffusion in Metal Hydrides
For hydrogen mobility in metal hydrides, hydrogen transport in the bulk occurs via
atomic diffusion through the interstitial sites of the host metal structure. The dynamics
of interstitial motion cover a wide range of time scales, from 1014 Hz for vibrational
motion to 1010 Hz for collective long-range diffusion. The mechanisms controlling local
diffusion in metal hydride materials are highly temperature dependent. Values
measured for long-range diffusion can vary over 12 orders of magnitude for different
99
samples at different temperatures. In the high-temperature region of practical interest
to hydrogen storage research, a classic barrier-hopping model can be used to describe
the diffusion of hydrogen through a metal hydride. The temperature dependence of the
diffusion rate can be expressed by the relation

Equation 18

D = D0 e

− EA
k BT

where D is the number of successful jumps per unit time, D0 is the number of vibrations
or attempts per unit time, kB is the Boltzmann constant and EA is the activation energy.
At lower temperatures, quantum tunneling effects of hydrogen atoms become
dominant.100
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2.1.3 The Impact of Surface Interactions on Kinetics
As described above, hydrogen can be stored on the surface (adsorption) and in the bulk
(absorption) of metal hydride materials. Hydrogen is weakly bound to the host’s surface.
For bulk metal hydride formation, only atomic hydrogen can pass through the surface
layers and be transported into and out of the bulk. Therefore, the surfaces of metal
hydride storage materials must dissociate molecular hydrogen into atomic hydrogen for
storage. This is accomplished by the dissociation of H2 via the transfer of electrons to
the sample material. Hydrogen dissociation on the surface of a metal hydride is shown
in Figure 35. Generally, hydrogen exists as a diatomic molecule before interacting with
the surface of the material (left side of the figure), dissociates at the surface into two
atomic hydrogen atoms, and diffuses into the bulk of the material (small molecules in
the lattice). Doping with metal catalysts is a common technique used to increase the
efficiency of hydrogen dissociation at the surface of chemisorbing materials. A
considerable number of investigations at the materials development and fundamental
mechanism levels seek to maximize the ability of a material to dissociate hydrogen
101 102
through doping and surface texturing. ,

Figure 35. Schematic representation of the interaction of hydrogen with a clean
crystalline surface.60
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The interaction of hydrogen with the surface of a chemisorbing material is complicated
by the fact that the surface or interfacial properties of the material may be substantially
different than those of the bulk. The crystal structure, electronic, magnetic and dynamic
properties, as well as the chemical composition of a material can be dramatically altered
near the surface due to the discontinuity of the surface. By definition then, the surface
layer consists of the atomic region that shows different properties from those of the
bulk. For a clean single crystal, the surface layer is generally no thicker than the first few
monolayers. Oxidized, contaminated, or multiphase materials may have a surface layer
as thick as 10 nm. From the crystal structure point of view, atoms in the surface layer
may relax or reconstruct. Surface relaxation may involve changes in the lattice
dimensions and inter-atomic distances in the first few layers. Reconstruction consists of
a rearrangement of atoms in the top atomic layers and often results in a loss or change
of symmetry. Electronic states are also altered in the surface layer.
Details on the effects of surface contamination on kinetics is discussed in section 2.1.3.2
below.

2.1.3.1 Surface Energetics
Surface energetics governs the dissociative chemisorption of hydrogen in the surface
layer. The potential energy of the interaction of gaseous hydrogen with a surface can be
depicted using a simple two-dimensional set of potential energy curves (Figure 36).
(Complex hydrides do not fit into this simple picture, since the absorption and
desorption of hydrogen involve structural phase transitions.) Away from the surface the
two curves are separated by the heat of dissociation, ED = 218 kJ/mol H, which
represents the amount of energy required to split H2 into two hydrogen molecules. The
interaction of gaseous hydrogen with the metal to form a stable solid solution or
intermetallic is described by following the H2 + M potential from its minimum (EP) to its
intersection with the 2H + M potential in the surface layer. If the potential energy curves
intersect above the zero energy level, positive activation energy EA is required for
hydrogen dissociation; if the curves intersect below zero, dissociation is energetically
favorable (ENA < 0) and occurs spontaneously. After the curves intersect, dissociation
occurs and the potential continues along the 2H + M curve as atomic hydrogen is
transported into the bulk. The potential energy of hydrogen in the material reaches a
deep minimum on the 2H + M potential (the heat of chemisorption, EC ≈ 50kJ/molH)
close to the surface/bulk interface, which dictates that only atomic hydrogen transports
through the bulk of metal hydrides.
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Figure 36. Potential energy curves for activated or non-activated dissociation
and chemisorption of hydrogen on a metal surface, followed by the
endothermic or exothermic solution of atomic hydrogen into the bulk. 103
For chemisorption, some surface properties that can limit the overall hydrogen sorption
rates (such as EC and the sticking probability) become concentration dependent as the
surface coverage of atomic hydrogen increases. The coverage, in turn, depends on the
mobility of atomic hydrogen on the surface and into the bulk. Perhaps most importantly,
diffusion from the very stable superficial chemisorption sites (EC) into the bulk
absorption sites (ES) may be a rate-limiting step and is usually closely linked to surface
structure. Thus, kinetics may be influenced by a feedback loop between concentration
and surface interactions.

2.1.3.2 Surface Contamination
So far, the interaction of hydrogen with metals has been described by the ideal case of a
clean elemental metal surface. Clearly, this model does not describe the real surface
environment found on most samples. Elemental metals generally have surfaces that
have been passivated by oxygen, thus preventing the dissociation reaction and the
diffusion of atomic hydrogen into the bulk (Figure 37).
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Figure 37. A schematic representation of surface passivation hindering the
hydrogen dissociation reaction. Light-colored spheres represent oxygen
occluding the surface of the material.60
Intermetallic compounds, on the other hand, often show highly reactive surfaces even
after exposure to oxygen or other contaminants (H2O, N2, CO2, etc.). This is due to
reorganization in the chemical composition of the surface to minimize the surface
energy. This form of surface segregation is an intrinsic property of alloys.

Figure 38. Surface segregation in the LaNi5 system. a) fresh surface, b) surface
enrichment of La lowering the surface energy, and c) selective oxidation of La
and formation of Ni precipitates at the surface. 104
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Schlapbach et al. showed that surface segregation can be caused by selective oxidation
of certain elements in the alloy.105 In the case of LaNi5, they found that the selective
oxidation of La prevents the surface from becoming passivated. Using depth profiling by
combining photoelectron spectroscopy and sputtering, they demonstrated that there
was a surface enrichment of La, as well as the precipitation of metallic Ni in the
subsurface. This suggests that the decomposed surface layer is permeable to molecular
hydrogen that may dissociate in the subsurface on active Ni precipitates and on the unoxidized host alloy (Figure 38). Surface segregation at room temperature has also been
observed in many other hydride-forming intermetallic compounds such as ErFe, ZrMn2,
TiMn2, CeRu2, and Th7Fe3, and at elevated temperatures for the hydrogen storage
compounds TiFe and Mg2Ni.
An active surface does not necessarily guarantee rapid kinetics. TiFe provides a good
example. This compound requires activation at high pressures and temperatures to
absorb hydrogen. Yet, the detection of HD molecular species created through H2–D2
exchange interactions at the surface showed that this compound actually has an active
surface even at room temperature. It is thought that the difficult activation is due to
bulk diffusion properties.106
In practice, there are different ways to overcome the kinetic barriers of oxides and other
contaminants on the surface (activating the material or sample). By heating under
vacuum oxygen may diffuse from the surface into the bulk, essentially cleaning the
surface. By heating under an inert gas flow unstable surface layers may be removed. By
heating under hydrogen the oxides may be reduce and removed. Any one of these
processes may cause surface segregation and the formation of a mixed surface layer
consisting of nano-scale oxide and catalytic metal particles (such as La-oxides and Ni
clusters on the surface of LaNi5 as described above).104

2.1.3.3 Surface Hydriding
Hydride formation that occurs at the surface of the material can hinder the further
transport of hydrogen into the bulk. 107, 108 This phenomenon is depicted in Figure 39.
When hydrogen dissociates at the superficial layer, it must be transported away from
the surface through the first several monolayers of material. If the hydrogen transport
properties of the material are poor, the hydrogen and substrate will react to form
hydride at the surface. The hydride acts as a barrier to further hydrogen transport into
the bulk and can significantly affect kinetic performance. The sorption rate eventually
becomes limited by the diffusion of hydrogen through this hydride layer.
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Figure 39. A schematic representation of the formation of a surface hydride
which creates a diffusion barrier blocking the transport of atomic hydrogen
into the bulk.60

2.1.4 Heat Transfer
Because of the exothermic nature of most hydrogen storage materials, heat transfer
often plays the most critical role in the kinetics of hydrogen sorption and desorption.
This topic was brought out early in this chapter because of the importance of heat
transfer on the study of sorption kinetics. Consideration of heat transfer effects on
experimental measurements are presented in detail in section 3.10 . At this point it is
useful to discuss heat transfer within the context of the materials themselves.
Heat transfer in porous media occurs through the internal pore network and the
material itself. Heat transfer performance is generally dictated by the pore size
distribution relative to the mean free path of the hydrogen molecule at various
temperatures and the structure (e.g. characteristic dimension, linkage) of the skeletal
material.109, 110
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At first glance, heat transfer in chemisorbing materials would seem to be governed by
thermal conduction through the storage material itself. However, with few exceptions,
hydrogen storage materials are often powders with limited particle-to-particle contact.
Thus, heat transfer is generally governed by many of the same principles as porous
media. For example, the large lattice expansion that occurs in hydriding metals and
intermetallic compounds creates enough internal stress within the crystal lattice and
grain boundaries that bulk samples will turn to powders on hydriding. With cycling these
powders will break down into smaller and smaller particles. This is referred to as
decrepitation. This process itself will change the thermal conductivity of the storage
material. Thus, the repeated process of hydrogen sorption and release can have a strong
influence on the kinetic behavior of the storage material system with cycling. Heat
transfer in other hydrogen storage materials such as alanates and amides as well as
nano-materials of any kind may also be affected by mass transport of the reactants and
grain growth.
Over the years, a great amount of effort has been put into the design and development
of materials and devices optimized for controlling material mobility and heat transfer in
hydrogen storage systems. 111

2.2 Kinetics Modeling
Mathematical models are used to provide insight into the rate controlling mechanisms
of a material’s hydrogen uptake and release. The model that best fits experimental
observation is typically assumed to be the rate-limiting mechanism.
The kinetics modeling section will be structured around models for metal hydrides to
illustrate the process of determining sorption mechanisms. Kinetics in metal hydrides
can be mathematically modeled by the general relationship
Equation 19

dC
= K (T )F (C , P )
dt

where K(T) is the temperature-dependent rate constant and F(C,P) is a function
dependent on the hydrogen concentration in the material C and gas pressure P. A brief
introduction will be given on the rate constant K(T) and how it is determined followed
by a more in-depth discussion on modeling the hydrogen concentration function.
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2.2.1 Temperature Dependence
When kinetics measurements are made at different temperatures, it is generally found
that gas sorption and desorption rates are highly dependent on temperature. This is
indicated in the temperature dependence of the rate constant K in Equation 20. In 1889,
Arrhenius recognized that most chemical reactions occur at rates that increase
exponentially with temperature. This empirical observation is valid in hydrides and can
be conveniently written as

Equation 20

K (T ) = Ae

−E A
kB T

where A is the frequency factor, EA is the activation energy, kB is the Boltzmann constant
and T is the temperature. Note however, that the Arrhenius equation is actually only an
approximation and, while it is a good approximation over the temperature range of
interest for hydrogen storage, it works best in for temperature of about 50-100 K where
the activation energy may be considered temperature independent.15
From Equation 20 we find that the activation energy EA is given by

Equation 21

E A = −k B T ln (K )

The activation energy of a reaction can be determined by measuring the rate constant K
(T) at several different temperatures and then plotting ln(K) versus 1/T. This is known as
an Arrhenius plot.

An example of such an Arrhenius plot is shown in Figure 40. This plot presents data for
the same La2Mg17 sample given in the example in the following section.60 The rate
constants were determined from a series of absorption measurements at different
temperatures using the same pressure-dependent curve fitting approach as in Figure 42.
A line was then fit to the Arrhenius data in Figure 40. The activation energy for the
hydride formation reaction can be obtained from the slope of this ln(K) versus 1/T plot.
The activation energy calculated from these measurements is 63.7 kJ/moleH2.
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Figure 40. Arrhenius plot of rate coefficients K versus 1/T, for hydrogen
absorption by La2Mg17.60

2.2.2 Concentration Dependence
The rate of adsorption and desorption is dependent on the availability of hydrogen in
the sample. The hydrogen concentration function is used to model this availability and is
often normalized to allow different kinetics measurements to be compared on the same
plot. The functional dependence of concentration is modeled non-dimensionally as
Equation 22

F (α ) = κ (t / t1 / 2 )

where the reacted fraction α is the concentration C normalized by the final
concentration C0, κ is an empirically-determined rate constant, and t is the time
normalized by t1/2, the time at half concentration (C0/2). 112
With great care, experimental data can be compared with theoretically derived models
for different bulk-process rate limiting mechanisms (diffusion or reaction propagation).
This type of mechanistic analysis was described early on by Sharp et al.112 This is
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presented below as a series of models that have been derived for different hydrogen
transport mechanisms and geometries. The nine models presented, divided by
mechanistic category, are compared to experimental data in Figure 41. In the absence of
heat transfer and/or surface interaction effects, such an analysis can be used to
determine the rate-limiting concentration driven mechanism of a material. The
subscripts of the equations below denote the kinetics profile they describe in Figure 41.
Please note that it is extremely difficult to make measurements that are sufficiently
isothermal and have little-to-no surface effect considerations. Such an analysis should
be restricted to experimental configurations designed specifically for this type of
analysis (see section 3.10 ) and well defined high-purity samples and gases.
2.2.2.1 Diffusion Models
Diffusion models can be used to describe one-, two-, and three-dimensional diffusion
processes. A simple one-dimensional diffusion process with a constant diffusion
coefficient can be described by
Equation 23

D1 (α ) = α 2 = .2500(t / t1 / 2 )

Two-dimensional diffusion into a cylindrical body gives
Equation 24

D2 (α ) = (1 − α ) ln (1 − α ) + α = .0426(t / t1 / 2 )

Diffusion from the surface towards the center of a sphere is 113
2

Equation 25

1


D3 (α ) = 1 − (1 − α ) 3  = .0426(t / t1 / 2 )



Another well-know model for a spherical body is
Equation 26

114

2
 2α 
D4 (α ) = 1 −
 − (1 − α ) 3 = .0367(t / t1 / 2 )
3 


2.2.2.2 Reaction Models
Kinetics may be limited by the chemical reaction rate i.e. the rate of transition from solid
solution to intermetallic. This mechanism can be modeled by
Equation 27

dα
n
= κ (1 − α )
dt

where n is the order of the reaction.112 In some cases, solid-state reactions appear to
follow first order kinetics
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Equation 28

R5 (α ) = ln (1 − α ) = −.6931(t / t1 / 2 )

If kinetics is controlled by a constant velocity propagation of the phase transition
boundary, then useful relationships can be derived from Equation 27. The case of a
cylinder, n = 1/2, gives
Equation 29

1

R6 (α ) = 1 − (1 − α ) 2 = .2929(t / t1 / 2 )

For a sphere of radius r in which the reaction proceeds from the surface towards the
center with n = 2/3,
Equation 30

1

R7 (α ) = 1 − (1 − α ) 3 = .2063(t / t1 / 2 )

The above models of phase boundary propagation assume a virtually instantaneous and
homogeneous nucleation of the product phase. In such a case the surface of a material
is quickly covered by a hydride layer and the kinetics are described by the propagation
of the phase boundary towards the center of the material. However, this is generally not
how a hydride is formed. Typically the hydride phase nucleates at discrete locations in
the bulk and grows outward. Hydride domains come into contact with each other as
they grow and growth continues along the remaining reactant-product boundaries,
eventually consuming the entire material. This process of nucleation and growth can be
described by the following equations derived by Avrami and Erofe’ev 115 116
1

Equation 31

A8 (α ) = (− ln (1 − α )) 2 = .8362(t / t1 / 2 )

Equation 32

A9 (α ) = (− ln (1 − α )) 3 = .8850(t / t1 / 2 )

1

The following is an example presented to show how one could potentially determine the
rate-controlling mechanism. The nine models described above are plotted along with
the experimental hydrogen absorption data of a metal hydride sample in Figure 41. The
models are shown in Figure 41 on a plot of α versus t/t1/2. At low concentrations, it is
clear that diffusion (Equation 23 through Equation 26, 1-4 in Figure 41) is the ratecontrolling mechanism, although it is difficult to distinguish between the different
diffusion models. However, this distinction becomes more obvious at higher hydrogen
concentrations. The experimental data best fits curve 3, which describes diffusion from
the surface to the center of a sphere. Therefore, absent heat transfer and/or surface
interaction effects, this diffusion process is the mechanism that would best describe the
rate limiting mechanism of hydrogen sorption in the metal hydride in question. Once
again, it is important to remember that it is very difficult to accurately determine the
intrinsic mechanisms of hydrogen sorption/desorption due to thermal effects. Heat
transfer effects dominate kinetics for most measurements. Therefore, conclusions
drawn from modeling must be kept in perspective when analyzing sorption/desorption
mechanisms.
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Figure 41. Various solid-state kinetics models.112 1) One-dimensional diffusion,
2) diffusion in a cylinder, 3+4) diffusion in a sphere, 5) 1st-order phase
transformation, 6) constant velocity phase-boundary propagation in a cylinder,
7) constant velocity phase-boundary propagation in a sphere, 8+9) nucleation
and growth.

2.2.3 Pressure Dependence
The volumetric method commonly used for measuring kinetics is not done at a constant
pressure. Therefore, the pressure term in Equation 19 must be included to account for
the effect that the changing potential energy of the surrounding gas will have on
117
sorption kinetics. The following set of equations were proposed by Wang and Suda
for the sorption kinetics of the hydride phase transition:

Equation 33

dC
= K h Fh (P, C )
dt
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Equation 34

K h = Ae

− Eh
k BT
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dC
= K d Fd (P, C )
dt

Equation 35

Equation 36

 P
, Fh (P, C ) = 
 Peh

K d = Ae

− Ed
k BT

 P
, Fd (P, C ) = 
 Ped





b

  P
1 − 
  Pf


Kh and Kd are the absorption and desorption rate constants, Peh and Ped are the
equilibrium plateau pressures, Pf and Cf are the final pressure and concentration, and a
and b are the orders of the relationships between the sorption rates and pressure and
concentration, respectively. Corrections due to pressure change effects on rates can be
overcome by simply adding pressure regulation or using relative volumes such that
sorption results in measurable pressure changes but not significant with respect to
reaction rates (quasi-isobaric).

As an example of relationships given in Equation 33 through Equation 36, experimental
measurements of the hydrogen absorption kinetics of the intermetallic compound
La2Mg17 at 300°C are presented in Figure 42. The most linear behavior was found for
reaction orders a = 2 and b = 1. This relationship proves to be valid for up to 95% of the
absorbed capacity. The slow non-linear residual absorption at the bottom of the plot is
most likely due to reestablishing thermal equilibrium after initial fluctuations in
temperature caused by the exothermic hydriding reaction. The rate constant Kh from
Equation 34 was determined from the slope of a linear fit of the upper part of the data.
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Figure 42. Linear fit to the rate dC/dt versus F(C,P) for hydrogen absorption of
La2Mg17 at 300°C. The rate coefficient K is found from the slope of the fit.60

3 Experimental and Analysis Considerations
Measured sorption and desorption rates are dependent on experimental and data
analysis considerations as well as intrinsic material properties. As a consequence,
experimental conditions and procedures that vary from system to system and from
researcher to researcher can have a tremendous effect on measurements and the
conclusions drawn from them. This makes comparisons between measurements with
experimental equipment, different experimental conditions, different sample shapes,
sizes, morphology and composition difficult if not impossible. Considerations that can
have a significant effect on kinetics measurements will be discussed in this section along
with suggestions to minimize their impact.
This section will rely heavily on examples from literature to support and illustrate the
effects of various kinetics considerations. For more detailed information on specific
considerations, refer to the reference of the cited example.
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3.1 The Limitations of Kinetics Measurements
While a great deal can be learned from a good set of sorption and desorption kinetics
measurements, from a materials discovery perspective, it is critical that the underlying
hydrogen sorption process that is occurring is well understood. Unfortunately, kinetics
measurements themselves often give very little direct information about these
processes. In many ways kinetics plots look similar to each other. For that reason, basic
sorption and desorption measurements should be complemented by a reliable set of
supporting measurements. These may include characterization by PCT isotherm, TPD, Xray and neutron diffraction, NMR, FTIR and Raman measurements among others.
To give an example, the measurement of hydrogen uptake or release (kinetics) may
appear quite similar for extremely dissimilar chemical processes. Two examples are
presented to show how desorption measurements from two different types of hydrogen
storage materials can look quite similar (no distinguishing features other than being
measured at different temperatures and showing differing overall rates) even though
the mechanisms of hydrogen uptake and release are very different.
In the first example, the room temperature release of hydrogen from a classic AB5
(LaNi5-based) intermetallic hydride is shown in the kinetics measurement of Figure 43.

Figure 43. Kinetics measurement of LaNi5 Intermetallic compound with a single
phase transition. The experiment was conducted at room temperature. Units in
H per formula unit released. 118
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Figure 43 was made by measuring the increase in pressure using a calibrated volumetric
instrument as a sample of approximately 5 g desorbed hydrogen. For the most part, this
material exhibits the classic kinetics profile of a single phase-transition from the
intermetallic hydride compound to a metal alloy with some hydrogen in solid solution
(commonly referred to as beta and alpha phases, respectively). An intermediate crystal
structure transition is known to occur (gamma phase), but for current illustrative
purposes the kinetics can be considered as a single chemical reaction. Atomic hydrogen
is released from its interstitial binding site in the host metal’s lattice, diffuses to the
surface and combines with another hydrogen to form gaseous hydrogen, which gives
rise to the measured increase in pressure.

The capacity change as a function of time represents the material’s total hydrogen
content change (in H per LaNi5) during the desorption transition from LaNi5H6 to LaNi5.
This does not mean that the concentration of hydrogen in the hydride is changing but
rather that the sample’s total composition of the two phases is changing with time. The
sample’s total composition at any one time is:

Equation 37

(1 − X (t ))LaNi5 H 6 + X (t )LaNi5

with boundary conditions X(t=0) = 0 and X(t=∞) = 1.

This transition from solid solution α-phase through the γ-hydride phase to the β-hydride
phase in LaNi5 is best observed by performing a series of equilibrium PCT measurements
(Figure 44). Absorptions are shown for increasing temperatures in purple to red and
desorptions at the same set of temperatures in blue. The flat portion (plateau region) of
each measurement is present because of the equilibrium coexistence of the α-phase
and β-phases (or γ-phase as the case may be). On moving from left to right along an
absorption plateau the measured sample is being transformed, gas aliquot by gas
aliquot, from the α-phase intermetallic alloy to the β-phase hydride. The reverse is true
going from right to left across the desorption plateau.
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Figure 44. PCT measurements of LaNi5, a classic metal hydride. The transition
pressure at various temperatures illustrates the thermodynamic dependence
of transition between the solid solution and intermetallic hydride phases.118
Hydrogen sorption through a single gas-solid phase transition such as the one above
represents the ideal case for studying the mechanisms of hydrogen sorption kinetics.
However, today’s advanced hydrogen storage materials are becoming increasingly
complex. They can consist of materials that undergo multiple hydriding reactions,
complete structural decompositions and potentially the long-range transport of
reactants other than hydrogen. And yet, these complex processes may present
absorption and desorption kinetics that are quite similar at first glance to a classic
hydride.
Our second example shows the measurement of the third cycle of gas desorption from
titanium-doped alanate-amide mixture with a starting composition of
Equation 38

LiH + Al + 2 LiNH 2 + Mg + TiF3
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It should be noted that, unlike the intermetallic hydride example above, this is not an
isothermal measurement but rather a ramp and soak-style TPD measurement. However,
within the isothermal portion of the measurement at t > 0.4 hours, the desorption
resembles the classic kinetics curve of Figure 43 to a large extent.

Figure 45. TPD measurement of the alanate-amide mixture described above.57
Without doing a more detailed PCT isotherm, it may be incorrectly assumed by looking
only at the kinetics measurement that the desorption involves a single reaction. By
performing an equilibrium desorption PCT measurement of the same sample (Figure 46)
in the fourth cycle makes it clear that the continuous evolution of gas observed in the
kinetics measurement of Figure 45 is the result of a complex series of chemical reactions
instead of the single phase-transition as in classic hydrides.
Each of the three distinct plateaus corresponds to a different chemical transition within
the material. This complex system has not been optimized or fully characterized by any
means, but from what is known of its complex hydride and amide precursors, these
reactions undoubtedly involve chemical decomposition and re-formation reactions. For
hydride and amide products to form, this necessitates the long-range transport, not only
of hydrogen, but also of other reactants including one or more species of Li, Al, and N.
Later studies that coupled a high-pressure mass spectrometer to these same
experiments showed the presence of ammonia in the evolved gas, adding additional
complexity to the gas-solid system. 57
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Figure 46. PCT diagram of the alanate-amide mixture described above.57

3.2 Discrete Kinetics Measurements
In the opening paragraph of Kinetics, it is noted that the difference between kinetics
and capacity is that kinetics are inherently dynamic while capacity measurements are
taken at thermal equilibrium. However, in principal, each data point on a PCT isotherm
is the equilibrium concentration after the gas/material system has been perturbed from
equilibrium. In fact, a volumetric PCT measurement consists of a series of small doses
which, when measured with respect to time, individually represent measurements of
kinetic properties. More precisely, with each dose (or aliquot of gas), a specified overpressure (or under-pressure) is applied to the sample and the system is allowed to reach
equilibrium through a dynamic process. The last data point of each kinetics
measurement, which is assumed to represent equilibrium in composition, pressure and
temperature, provides a single point on the PCT curve. This process is performed
repeatedly until there are enough equilibrium data points collected to construct a full
PCT diagram.
In a volumetric measurement where the quantity of gas is controlled (and thus the
reactions are controlled), each dose is performed within a narrow band of concentration
and pressure. In this sense the time-resolved data of a PCT measurement can be
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thought of as a series of mini-kinetics measurements that can separate different
portions of the overall sorption process. This is demonstrated using the same PCT
isotherm measurement of the second example above.
Figure 47 presents the pressure time plot of the data that was used to create the PCT
isotherm of Figure 46.

Figure 47. Pressure versus time plot of data used to create the PCT diagram of
alanate-amide mixture in the preceding figure.57
By controlling the dosing pressure so that only one reaction occurs at a time, it is
possible to determine relative reaction rates of each independent reaction. Indeed with
the same applied pressure differential of 2 bar, the desorption rates for the three
observed reactions from the highest to the lowest pressure plateaus are 0.29, 0.10 and
0.15 wt.%/hr. Note that such data is not only useful for determining the kinetics of
individual reactions, but it also demonstrates that due to poor kinetics the final PCT
isotherm was derived from relatively non-equilibrium conditions.
These examples serve not only to demonstrate the wide range of complexity
encountered in the development of advanced storage materials, but also point to the
importance of utilizing multiple methods of characterization in evaluating what may at
first appear to be a simple sorption process. Given limited time and resources, the
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ability to perform different measurements simultaneously in a single experiment
becomes a real advantage in understanding complex systems.

3.3 Kinetics from TGA Measurements
Thermal gravimetric measurements (see Introduction section 5.5 ) are often used for
kinetic analyses of chemical reactions. The progress of a solid state reaction is correlated
to the fractional conversion (denoted as α) which is normally directly related to the
mass change at time, t, relative to the total mass change observed for the reaction. Note
that this holds only for material systems in which only one gas is released (H2); that is, it
does not distinguish multiple products such as both hydrogen and ammonia release
from amides and AB samples. The fractional reaction is defined as

α ( m) ≡

Equation 39

mi − m
mi − m f

Where mi is the initial mass of the solid, m f is the final mass of the solid, and m is the
sample mass as a function of temperature/time. There are number of methods for
determining the solid-state kinetics. The most often used methods are presented below
without derivation.
3.3.1 Single Run Methods for Kinetics Analyses
Single run methods are the simplest and fastest approach to evaluating kinetics
parameters. Using these methods the kinetic parameters can be obtained from a single
TG run. The kinetic plots are examined by assuming various possible f (α ) or g (α ) .
After choosing the most appropriate form of f (α ) or g (α ) by comparing the linearity
of the plots, Ea and A are calculated from the slope and intercept of the “most linear”
plot. The single run method in differential form is applicable for kinetic rate data
obtained under all temperatures conditions. However, this integral form of this method
can only be used when a constant heating rate (β) is employed because an
approximation function p ( x) for the exponential temperature integral has been used for
deriving the kinetic equation:
Equation 40

 −RTEa 
 AEa 
g (α )
=
 e dT ≈ 
 p( x)
∫
T
β o
 βR 

A

T
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Various form of p ( x) have been proposed for the integration of the kinetic equation
under non-isothermal conditions with linear heating rates. The Coats and Redfern
integral method is a method derived by using an asymptotic expansion of the p ( x)
function:
Equation 41

p( x) ≅

e− x  2 
1 − 
x2  x 

3.3.2 Isoconversional Methods for Kinetic Analyses
This method uses data points at constant α i (i.e., isoconversional points) extracted from
the different series of kinetic rate data obtained from multiple TG runs. The value of
Ea can be obtained at a constant value of α from the slope of the isoconversion kinetic
plots. The isoconversion method has advantages in that the value of Ea can be
determined without assuming a kinetic model, and the efficacy of:

Equation 42

 − Ea 
dα
= g (T ) ⋅ f (α ) =  Ae RT  f (α )
dt



Can be confirmed checked by confirming that Ea is constant through the course of the
reaction. The isoconversional method in differential for is known as the Freidman
Method, and is applicable to all kinetic data collected under any temperature
conditions.
The isoconversional integral method analysis has been proposed by Ozawa with the
following approximation of the p ( x) function:
Equation 43

log p ( x) ≅ 2.315 − 0.4567 x

Ozawa’s method is applied to the non-isothermal kinetic data sets recorded at various
heating rates (i.e., βi ). With a known value of Ea , the generalized time (denoted as θ)
proposed by Ozawa is introduced for determining the “most” appropriate model
function and the value of A:
t

Equation 44

θ = ∫e

 − Ea 
 RT 



dt

0
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The generalized time (θ) is defined at the reaction time required to attain a specified α
at infinite temperature. Using the generalized time (q) the kinetic equations at infinite
temperature can be written as:
Equation 45

dα
= Af (α )
dθ

and

θ

g=
(α ) A=
∫ dθ Aθ
0

The values of dα dθ and θ can be calculated at a specified α from the kinetic rate data
via:
 −E 

Ea
dα dα  RTa 
θ
=
e
and
p( x)
Equation=
46
dθ
dt
βR

The “most” appropriate kinetic model can be chosen from the linearity of dα dθ
versus f (α ) or from g (α ) versus θ, where the intercepts of the most linear plots is
correlated to the value of A.

3.3.3 Peak Methods for Kinetic Analyses
The peak method is known as the Kissenger Method and has been widely used for the
determination of Ea from the change in the peak top temperature (denoted as Tp) as a
function of the differential kinetic rate data at various heating rates ( βi ). Although the
Kissenger method is derived assuming a first order rate process, in many cases the
logarithmic term on the right-hand side of:

Equation 47

 df (α p )  AR   E
β
a
ln 2 ln 
=

 −
Tp
E
RT
d
α

p
 a  

is approximately constant. Consequently, the value of Ea can be calculated from the
slope of the plot of:

Equation 48

 β 
1
ln  2  vs.
T 
Tp
 p 
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There are a number of software packages capable of performing many kinetic rate
regressions. In addition, there are also many reference works that cover the applications
and derivations of the various methods presented in much greater depth.

3.4 Matching Experimental Setup with Purpose
Perhaps more than any other type of measurement, the manner in which kinetics
measurements are performed will greatly depend on the purpose of the measurement.
The purpose of measurements is the deciding factor in determining the measurement
method to be used, the design of the experiment or a series of experiments, and
ultimately the size of the sample and the design of the containment. This section will
provide some guidelines to help the reader understand the purpose of kinetics
measurements at the different levels of research and highlight considerations
associated with measurements at each level.
3.4.1 Experiments for System Performance
The kinetic rates of a hydrogen storage system are determined by a number of factors in
addition to the intrinsic kinetic properties of the storage material. Some of the factors
that affect kinetic rates at the system level include heat transfer between the storage
material, material housing and environment, the operating over- or under-pressure
relative to thermodynamic equilibrium and the packing density of the storage material.
Heat transfer plays an important role in the kinetic performance of storage systems
because some materials require the delivery and dissipation of significant amounts of
energy during charging and discharging. Dedrick presented an example of the extreme
energy releases characteristic of some metal hydrides upon charging: hydriding 5 kg of
119
sodium alanate storage material in 2.5 min releases an average of 668 kW. The ability
to handle sorption/desorption energy loads such as those for sodium alanate
necessitates the use of sophisticated thermal management systems such as internal
plates, fins and tubing in system performance measurements.59 System-level
considerations like thermal management devices must be included in the design and
evaluation of the kinetic performance of a storage system.
For a system level understanding, this may mean, for example, designing experiments to
be able to examine material from different sections of a test bed after performing
kinetics measurements under a different set of charging or discharge conditions. In such
a case, being able to access the material multiple times would be important. Or perhaps
it is the heat produced and heat transfer that is the focus of interest. Then one may
want to instrument a test bed with multiple temperature sensors at different position in
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the material and then to run a series of kinetics measurements under different test
conditions.
To gain useful system performance information, enough material should be tested to
provide results representative of the material’s behavior in a full-sized operating storage
system. In general, this means between 10 grams and 1 kilogram of storage material.
100 grams is probably a good tradeoff between the practical issues of synthesis and
handling of the materials and a characteristic, uninterrupted volume of material that
would be found in a large-scale system. For kinetics measurements it will be important
to be able to measure hydrogen flow rates into or out of the test bed. If the material
performance is already fairly well characterized, it may be possible to use flow meters to
study sorption/desorption rates at a system level. However, with the exception of
Coriolis-based flow measurement devices that maintain accuracy over two decades,
conventional flow meters generally have fairly narrow dynamic measurement ranges
(often less than one decade). This is a severe limitation when sorption/desorption rates
may vary over several orders of magnitude depending on state of charge, temperature
and pressure.

Mass change measurements on a system scale are also possible, but complicated by the
connections between the system on a balance and the need for hydrogen transfer and
potential heating or cooling. System scale kinetics measurements are most easily
performed volumetrically using a normal regulator for sorption and a backflow regulator
for desorption to maintain a constant or simulated pressure profile on the storage
system. In its most simple form the amount of material is limited by the largest practical
calibrated volume for a single desorption dose.
One example of scale up measurements are the experiments performed by Gary
Sandrock on Ti-doped alanates. 120 Hydrogen absorption/desorption studies were
performed on a simple high-pressure cylindrical vessel shown in Figure 233 designed to
simulate the heat transfer and gas impedance conditions of a larger bed. This 316 SS
reactor has a 4.6cm OD, 0.38cm wall thickness, about 11.4cm internal length, and was
pressure rated to 3000 psia (204 atm) at 350
˚C. It was loaded with about 100 g of
bicatalyzed NaAlH4 (78 g of NaAlH4 and 22 g of Ti(OBun)4 + Zr(OPr)4). The reactor had
internal thermocouples but no internal heat exchange structure. The reactor was
heated within an air furnace. Absorption kinetics and capacity were measured
volumetrically and desorption measured with flow meters backed up by a wet test
meter (a device to measure gas flow by counting the revolutions of a shaft upon which
water-sealed, gas-carrying cups of fixed capacity are mounted).
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Figure 48. Scale up (100 g) reactor with end cap removed in Ar-glovebox to
show catalyzed alanate. 121
The higher than expected initial charging kinetics, combined with limited heat transfer,
results in exothermic temperature excursions, as is common with hydrides. An example
is shown in Figure 234 for the 4th hydrogen absorption. The fully dehydrided bed was
heated to 155˚C and then charged with hydrogen at 172 atm. Within one minute, the
exothermic hydriding reaction resulted in an internal temperature of 234 ˚C.

Figure 49. Exothermic temperature excursion during scale up bed charge halfcycle (Pi=172 atm, Ti=155˚C).121
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This is essentially the van’t Hoff temperature for NaAlH4 at this applied pressure.
However, the melting point of NaAlH4 is only 182˚C; thus, any NaAlH4 formed during the
first 0.5 hr of Figure 234 would do so directly into the liquid phase. As one can see in the
figure, a thermal arrest occurs at 182
˚C due to solidification during cooling (about t =
0.6-0.8 hr). This is precisely as expected and shows that liquid NaAlH4 was formed
during the exothermic temperature excursion associated with the rapid initial charge.
It is natural to ask if such melting could be detrimental to the subsequent performance
of the alanate bed. From subsequent absorption and desorption measurements, the
answer seems to be “no” or at least “not much”. In fact that series of scale up
experiments pointed to a possible benefit of partial melting. When the reactor was
opened between cycles 4 and 5 (photograph shown in Figure 16) the material in the bed
was found to be sintered into a porous, solid mass. Such a structure may have distinct
advantages for actual applications. In particular, such a sintered structure should reduce
particulate migration, increase packing densities, allow expansion, and provide a
constant internal gas impedance and enhanced safety.
Later, a more advanced test bed (Figure 47) was developed which had thermocouples
placed at regular radial spacings and at different depths within the bed to examine heat
122
transfer properties of the material during charge and discharge measurements.

Figure 50. Image of scaled up Alanate test bed with series of internal and
external thermocouples. 122
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3.4.2 Experiments for Materials Development
Kinetics measurements for materials development must focus on the intrinsic kinetics of
the storage material in order to effectively compare materials. This can be difficult for
materials with highly exothermic or endothermic reactions and good intrinsic kinetics
because heat transfer often masks the intrinsic kinetic character of the materials.
Intrinsic kinetics testing emphasizes testing at isothermal conditions and conducting
measurements under identical conditions (pressure, temperature, sample size etc.)
using identical measuring equipment in order to minimize the effects of heat transfer.
The importance of testing kinetics under identical conditions using identical measuring
equipment and setup is illustrated in the many dozens of papers before 1982 reporting
absolute absorption and desorption rates for LaNi5. Reported kinetics rates at half
capacity varied between < .01 min-1 to 35 min-1 at 5 atm and 298 K. 123 The
measurements in the review were performed with different quantities of material on
completely different equipment without special considerations for heat transfer.
Therefore conclusions drawn from these measurements concerning intrinsic kinetics are
questionable at best. There are a few special instances when non-isothermal kinetics
measurements are informative, particularly when applied to developing functional
hydrogen storage applications.
For research focused on materials development, a good approach is to run a series of
comparative measurements on different samples while ensuring that all other material
properties (sample size, packing density, purity…) and measuring conditions remain as
consistent as possible. The experimental setup, sample size and measurement
technique should be centered on simplicity and the ability to make comparative
measurements as efficiently as possible.
Heat transfer and measurement of the true sample temperature at low gas pressures, in
addition to buoyancy corrections at high gas pressures, make kinetics measurements by
gravimetric methods difficult if not impractical. These complications are due to the
limitation that the sample in a gravimetric analysis system cannot make physical contact
with a thermal mass for heat exchange. This can be accommodated by reducing sample
size or, in the case of desorption, by using a carrier gas in flow through mode to
maintain the sample temperature. Volumetric kinetics measurements on samples
ranging in size from a few milligrams to a couple of grams are quite straightforward. A
major consideration is that, in particular for materials with elevated enthalpies of
formation (> 10 KJ/mol H2) and good intrinsic kinetics, sorption/desorption rates may be
limited more by heat transfer in the measuring equipment than by physical or chemical
sorption mechanisms. The flexibility in sample holder design and sample compositions
(addition of thermal ballasts) can overcome this problem. With this in mind, it is still
very relevant to measure sorption rates under imperfect (non-isothermal) conditions in
order to obtain relative hydrogen uptake and release rates and to develop modified
materials with improved kinetic performance. However, it is exceptionally important
Page 156 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 2: Kinetics Measurements

that materials are measured under essentially the same conditions (pressure,
temperature, sample size, perhaps sample packing density) using identical measuring
equipment and setup to be able to make quantitative and even qualitative comparisons
between materials. Comparison of the intrinsic kinetic properties under the
aforementioned instrumental limitations can be further qualified by considering or
measuring, for example, differences in the isobaric heat capacity and thermal
conductivity among the materials under investigation.
A classic example of such a successful comparative analysis with the goal of developing
optimized hydrogen storage materials was the systematic study of increasing levels of
TiCl3 additives in NaAlH4.126 By performing these measurements under identical
conditions a clear trend in kinetic performance was observed ultimately leading to key
findings in understanding the effect of Ti additives on alanates. Another example of
comparative measurements for improved performance of storage materials was
through the investigations of many different types of alanate additives by Anton et al.102

Figure 51. Investigation of different additives for improvement of kinetics of
NaAlH4. Dopants are transition metals and rare earth ions.

3.4.3 Experiments for Fundamental Studies
Fundamental mechanism studies look to identify and understand intrinsic kinetic
phenomena. Like those for materials development, fundamental investigations require
isothermal conditions in order to eliminate the effects of heat transfer. Investigation of
hydrogen diffusion mechanisms, the effects of catalysts on hydrogen dissociation, and
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the nature of hydrogen/sample material interaction are examples of research at the
fundamental level. If the purpose of a kinetics measurement is to study intrinsic
mechanisms, it is absolutely necessary to design the experimental measurement
equipment to achieve essentially isothermal conditions.
For these basic science experiments, simplicity (reducing the number of free
experimental parameters) is key. While it may not be possible to determine rate-limiting
mechanisms without specially designed sample cells, sorption and desorption kinetics
measurements on standard equipment and laboratory scale samples (e.g. 1 gram) can
provide not only relative measurements for materials optimization but also some
fundamental insight into sorption processes. Gary Sandrock’s work on Ti doping in
sodium alanates provides a good example of how detailed kinetics measurements and
the determination of activation energies have been employed for improved
understanding and development of better hydrogen storage materials. 124 Hydrogen
desorption rates were measured at several temperatures for the decomposition of
NaAlH4. For convenience, these rates were determined using a linear fit to the initial
portion of each desorption kinetics measurement. The desorption rates for both
undoped and 4 mol.% TiCl3-doped NaAlH4 are plotted on a log scale versus 1/T in Figure
52. This is essentially an Arrhenius plot. The effect that Ti doping has on the desorption
behavior of NaAlH4 is apparent from these measurements.

Figure 52. Log desorption rates versus inverse temperature plotted for NaAlH4
with no TiCl3 and 4 mol% added TiCl3 [Original plot modified for simplicity,
Na3AlH6 removed from figure].124
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The activation energies calculated from this plot as well as other Ti doping levels are
presented in Figure 53. This series of kinetics measurements demonstrate that adding
only small amounts of TiCl3 to the alanates significantly reduces the activation energy
for hydrogen desorption. It is interesting to note from Figure 53 that increasing the level
of TiCl3 in NaAlH4 shows little change in the activation energy. Thus, the chemistry of the
Ti-enhanced kinetics is unchanged with Ti concentration. Further improvement in the
desorption rates by increased TiCl3 doping is observed through an increase in the preexponential factor A of Equation 20. This indicates that performance is improved by the
increased distribution and access to titanium in the material.

Figure 53. Activation energies Q (= EA) for NaAlH4 decompositions as a function
of added TiCl3 [modified for simplicity, Na3AlH6 removed from figure].124

If the purpose of the kinetics measurements are indeed to study fundamental
mechanisms then it is absolutely necessary to design the experimental measurement
equipment to achieve essentially isothermal conditions and at an even higher level of
precision, isobaric measurements. This was in fact done with painstaking detail by
Goodell et al. for hydrogen absorption and desorption in LaNi5. Their thermal ballast
technique is described in detail in the Thermal Effects section 3.10.1 of experimental
considerations.
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3.5 Efficient Testing
Evolution of hydrogen storage material discovery, development and characterization is
directly dependent on the ability to conduct measurements with speed and efficiency.
Kinetic activity is often the limiting factor in hydrogen testing. For example, the time
required to reach equilibrium in performing PCT measurements is directly dependent on
the kinetics of the sample material. Any technique that reduces sample characterization
time will help in improving the pace of material discovery and development.
An excellent example of efficient testing used by Gary Sandrock drastically reduces the
time required to determine the activation energy of a sample with slow kinetics. 125 To
develop an Arrhenius diagram necessary to determine the activation energy of a
chemical reaction, several experiments must be performed at different temperatures to
determine the relationship between the rate constant K and temperature. Instead of
performing a series of isothermal experiments, Sandrock’s method changes the
temperature of the sample in steps, as shown in Figure 54.

Figure 54. Example of efficient testing in determining the activation energy of a
sample with slow intrinsic kinetics. The figure itself is a kinetics measurement
used to relate the rate constant to temperature.57
Several rate measurements can be performed using this method in the same amount of
time as a single isothermal measurement. It is important to remember that the
temperature is stepped instead of ramped because isothermal conditions are still
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required to perform kinetics tests. For such type of measurements to be valid the
sample holder and heater design should allow temperatures to be changed and
establish a steady on a time scale that is short compared to the kinetic rates. This
technique can only be used with samples that have slow enough intrinsic kinetics that
the sample temperature can be increased in several steps before the sample completely
desorbs. In addition, rates should be measured when the sample is below about 60%
conversion to avoid the impact of changes in reactant concentration on the rate
measurements.
3.5.1 Kinetics and Capacity
With respect to kinetics measurements it is important to review how capacity is
reported. In particular, it may be more useful to examine relative sorption rates of
materials based on what we term here as “active capacity” in contrast to “material
capacity”.
Today, hydrogen storage capacities are typically presented in units of weight percent
(wt.%), where wt% is defined as:

wt.% =

Equation 49

mass H 2
mass sample + mass H 2

* 100%

This makes sense from a practical perspective, because it is a measure of how much
hydrogen can actually be delivered from a storage material. And, in this vein, it is
important to recognize that ultimately the practical hydrogen storage capacity must be
on a systems level that includes the material, containment vessel, heat transfer system,
controls and balance of plant.
3.5.2 Active Capacity
From the perspective of a materials development level, it is equally important to be able
to quantify capacity in terms of the active material only. In particular, where this
becomes important is in the evaluation of improvements of kinetic performance. Since
rates are typically being measured in units of wt.% per time, to make a comparative
analysis of the effect on kinetics of different catalysts or additives, rates should be
compared on an active wt.% capacity basis and not on material wt.% capacity. Thus, for
this purpose, we may define:

Equation 50

Material wt.% =

mass H 2
mass sample + mass H 2

* 100%
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Active wt.% =

Equation 51

mass H 2
mass active sample + mass H 2

* 100%

The mass of the active sample only includes the mass of material that participates in
hydrogen storage and the mass of the sample is the total weight of the sample including
both the active and inactive material in the sample. Another possible way to perform
such a comparative analysis is to use rates based on reacted fraction per time rather
than absolute capacity values. As will be seen in the next section, for comparative
kinetics it can be very important to present capacity in terms of reacted fraction or
active wt.% rather than true wt.%.
A specific example is presented here to demonstrate the difference between “material
capacity” and “active capacity” and to aid in understanding the impact of this
differentiation in evaluating relative kinetics of a series of different samples.
In this example, NaAlH4 doped with TiCl3 reacts during the milling preparation process to
form NaCl according to:122

Equation 52 NaAlH 4 + xTiCl 3 → xTi + 3xNaCl + 3xAl + (1 − 3x )NaAlH 4 + 3xAl + 6 xH 2
This means that only
Equation 53

54(1 − 3 x )
54 + 154.5 x

of the sample, representing the fraction of active sodium alanate to the total sample, is
active for hydrogen uptake and release. Without taking this into account, improvements
in alanates by doping with 6 mol% vs. 2 mol% TiCl3 would be underestimated by up to
30% (Figure 55). In this case, this has little impact on the conclusions with respect to the
level of dopant since the correction actually improves the rates with increasing levels of
doping. However, another example may serve to demonstrate how this effect could
impact such an evaluation.
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Figure 55. Arrhenius plot comparing desorption rates of NaAlH4 Generation II,
III-D, and III-E alanates (rates: II on a material weight basis, III-D and III-E on a
NaH + Al weight basis). Red arrows indicate change in data points on
converting from a material to an active weight basis. 126

To investigate the effects of active capacity versus material capacity on kinetics
measurements, a sample was tested using only TiH2 instead of TiCl3.126 In this case, a
mixture of NaH, Al, and TiH2 in a 1:1:1 composition was mechanically milled and tested
for hydrogen absorption and desorption. From an applications perspective, TiH2 as a
precursor should overcome the problem of capacity loss associated with the formation
to Na-halides when using Ti-halide precursors. This composition did absorb hydrogen
(130˚C and 82 bar H2) to form NaAlH4. In this case, the inactive component (TiH2) makes
up almost half of the samples mass. Thus rates would be off by a factor of 2 if capacity
were measured on wt.% basis using the sample’s total weight. However, by plotting
rates on an active material mass basis (NaH + Al), the desorption rates are nearly
identical to those of the indirectly doped material and the 2 mol% TiCl3 doped alanates
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(Figure 55). Had the total weight of the sample been used, an incorrect conclusion may
have been drawn about Ti-hydride vs. Ti-halide additives. With optimization, kinetics
may be achieved without a severe degradation in hydrogen storage capacity. This
example of kinetic analysis based on active versus material weight capacity serves to
demonstrate that even small details in how the analysis is performed can have a big
impact on the conclusions and ultimately on decisions concerning the direction of
materials research and development.
Note that it may be better to report results for this type of analysis in terms of reacted
fraction. Capacities reported as wt% of the active material can be misleading if not fully
and carefully explained, because the capacity reduction that accompanies additives and
catalysts is suppressed.

3.6 Activation Effects
Activation effects are important in kinetics measurements because the kinetic character
of a reversible storage material can change drastically during the first five to ten cycles.
The change in kinetic character is most significant early in cycling and gradually
approaches the intrinsic kinetic character of the material. In application, a hydrogen
storage material will typically cycle hundreds, if not thousands, of times so it is
important to characterize the intrinsic kinetics in order to evaluate a material’s
suitability for end-use. It is also important to run samples of new materials through
several absorption/desorption cycles to determine their true intrinsic kinetic character.
While the activation process is time-consuming, it is better than missing a viable storage
material because its kinetic properties appear uninteresting after the first few cycles.
Pre-reacted sodium alanate is an excellent example of kinetic activation effects. Figure
56 is kinetic data taken from a cycling experiment on sodium alanate and clearly shows
the drastic impact activation effects can have on kinetic character.
Each desorption measurement is taken in a fixed time interval so the increasing
hydrogen desorption indicates that the kinetics of the sample are improving. The rate of
hydrogen evolution increases markedly the first five cycles and gradually approaches the
intrinsic kinetic rate from cycle 5-13. The class of pre-reacted sodium alanates would
have been completely disregarded if judgment were passed based only on the kinetic
character and capacity of the first few cycles.
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Figure 56. The kinetic activation effects of pre-reacted sodium alanate. The
marked increase in desorbed hydrogen indicates increasing kinetic rates.126
Digging a little deeper into the kinetic character of sodium alanate, it is interesting to
note that there are two distinct rates in each desorption cycle in Figure 56. Each
represents a separate step in the two-step equilibrium desorption reaction.
Equation 54

1
2
3
NaAlH 4 → Na3 AlH 6 + Al + H 2 → NaH + Al + H 2
3
3
2

The difference in the kinetic rates of the two reactions is probably due to the difference
in the thermodynamic stability of NaAlH4 and Na3AlH6. NaAlH4 is less stable than
Na3AlH6 and forms at a higher equilibrium pressure (Figure 57). In these desorption
measurements, the under-pressure is below both equilibrium plateau pressures,
allowing the decomposition of both alanate phases. However, the pressure difference
driving the desorption reaction from NaAlH4 to Na3AlH6 (DPd (1)) is greater than for
Na3AlH6 than for NaH (DPd (2)), leading to higher kinetic rates for NaAlH4 than Na3AlH6.
It is important to note that the situation is exactly the opposite during absorption
measurements. The lower plateau pressure of the NaH to Na3AlH6 transition would
provide a greater driving pressure differential (DPa (2)) compared to the Na3AlH6 to
NaAlH4 transition (DPa (1)). Thus, in absorption, higher kinetic rates would be observed
for the reverse NaH + Al to Na3AlH6 step in the reaction of Equation 54.
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Figure 57. The reaction follows the equilibrium pressure (darkest line) from
bottom left to top right for absorption and top right to bottom left for
desorption. The horizontal section of the equilibrium pressure line represent
phase transitions (reactions), the vertical lines represent the alanate
compounds as indicated.
At first glance it appears that only the first reaction in Equation 54 is affected by
activation because nearly all of the increased desorption capacity occurs during the first
section of each desorption profile. As the material is cycled, the NaAlH4 to Na3AlH6
reaction becomes more active while the Na3AlH6 to NaH reaction remains constant. This
is easily rationalized with the aid of Figure 57. Before the first hydriding of the material,
the sample is in its as prepared NaH + Al state. After the first charging which is
incomplete (a1), the sample is dehydrided (d1) but can not completely desorb all of the
hydrogen taken up in the first absorption due to the poor desorption kinetics of the
second Na3AlH6 to NaH step and the fixed absorption/desorption times used for each
cycle. This creates a permanent offset in total hydrogen concentration. During
subsequent cycles (a2-d2 and a3-d3), only the NaAlH4 to Na3AlH6 reaction improves
(activates) because the NaH to Na3AlH6 to has already been taken to completion in the
first cycle. It is important to remember that Figure 56 presents desorption rates only
and not both sorption and desorption rates.
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Figure 58. Concentration offset caused by incomplete desorption. Due to
thermodynamic limitations, the sample cannot be fully desorbed during the
experiment, which causes the concentration to offset.

3.7 Gas Impurities
3.7.1 Retardation
Retardation in kinetics occurs when impurities such as CO2, H2O and NH3 in the H2 gas
stream react with storage material surfaces, leading to decreased kinetic activity. The
gas stream impurities occlude catalytic sites and diffusion pathways and can be difficult
to desorb from the storage material because of their high thermodynamic activity.
These effects influence the mechanisms discussed in the theory section 2.1 . The
primary retardation considerations for physisorbing materials like porous media are
decreased surface area due to physisorbed impurities and the occlusion of internal pore
networks; blocked catalytic sites and diffusion pathways affect chemisorbing materials
like metal hydrides. Unlike poisoning, retardation does not significantly affect ultimate
hydrogen storage capacity: the sorption curve of a material experiencing retardation
asymptotically approaches the original hydrogen storage capacity of the material, albeit
at a slower rate.
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Sandrock et al. presents an excellent example of the retardation effects of NH3 on LaNi5
during cycling. 127 Although Figure 59 only shows the beginning of the sorption curve,
each arc eventually approaches the ultimate hydrogen sorption capacity dictated by
cycle 0. The effects of retardation are often reversed by flushing and subsequent use of
high-purity H2.

Figure 59. Effects of retardation of NH3 on isobaric sorption curve of LaNi5
during repeated cycling.127

3.7.2 Gas Impurity Effects on Kinetic Performance
An important consideration is whether fresh or recycled gas is used during cycling
kinetics measurements. For recycled gas measurements, the temperature of the sample
is increased and decreased with each cycle with the sample exposed to the same gas in
a fixed gas volume. Thus, the total amount of impurities in the hydrogen gas/system
remains the same. When fresh gas is used for every cycle, gas impurities may have a
much larger impact on the retardation of the material’s kinetics. This is because the gas
impurities are strongly bound to the surface of the material and are not released upon
desorption. With cycling, the concentration of impurities on the sample increases,
degrading the material’s storage performance. In this sense the storage material is
simply acting as an impurity getter. The advantage with gettering storage materials is
that the hydrogen delivered to the application (e.g. fuel cell) will be much higher purity
than that provided by the gas supplier. The disadvantage, of course, is that the
performance of the storage system may be significantly affected.
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As a side note, kinetics measurements performed on gravimetric systems in flowing gas
mode, impurities in the gas stream that react with the sample will be observed as a slow
linear increase in weight rather that the curved behavior expected for a true kinetics
curve (much like leaks in a volumetric system discussed below). Such behavior should be
taken as an indicator that impurities are present in the hydrogen gas stream.

3.8 Leaks
Leaks cause kinetic sorption/desorption profiles to appear linear in time, as opposed to
true sorption profiles that exhibit curvature. An example of a leak is demonstrated in
Figure 60, where the expected capacity of the sample is 1.39 wt.%. Sorption steadily
increased with a linear behavior until a fitting was tightened about two hours in to the
experiment. With respect to new materials, one should weigh on the side of skepticism
and review the setup and measurements if the results appear too good to be true.

Figure 60. Example of a leak on kinetics measurement. A little after an hour in
to the experiment, the leak was eliminated.118
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3.9 Pressure Effects
Observed kinetic rates are highly dependent on the pressure differential between the
gas reservoir and the sample reactor that drives the sorption/desorption reaction. The
theoretical description of the effect of pressure on kinetics was presented in section
2.2.3 . and the experimental results can be measured as shown in the example of Figure
62 in section 3.9.1 below.
From an experimental perspective, In order to investigate the intrinsic kinetic properties
of a material, it is important to reduce the degree of variation in pressure differential
during testing. If the system pressure changes significantly during a sorption/desorption
reaction, the changing pressure differential will affect the observed kinetic rates and
mask the intrinsic kinetic properties of a material. It is, however, important to balance
loss in sensitivity in the measurement due to the smaller total pressure change with the
ultimate impact that a changing pressure may have on the kinetic behavior. In the
volumetric method, this is done by appropriate selection of the volume reservoir so that
the system pressure change is relatively sufficient for accurate measurements but not
large compared to the driving pressure differential during reaction.
3.9.1 Reservoir Selection
In volumetric measurements, it is important that the dosing volume, sample holder
volume and dosing pressures are selected to match not only the size of the sample but
also the type of measurement. One simple way to estimate an appropriate selection is
to calculate an assumed amount of gas that the sample will absorb and divide this by
the number of doses that are needed to collect a reasonable set of data. For an
absorption kinetics measurement the dosing volume should be large enough to be able
to dose enough gas to completely charge the sample with the final pressure being
greater than any plateau pressure and still result in enough of a pressure drop to make
an accurate measurement. A typical value would be 110% of the capacity of the sample
at the resulting pressure. For a desorption kinetics measurement the same is true with
the sample being able to nearly completely desorb all of its gas to the reservoir volume.
A typical value would be 95% of the capacity of the sample at the resulting pressure. For
PCT isotherm measurements the volume of the reservoir and dosing pressures
essentially determine how many data points will be collected on an isotherm. A good
rule of thumb is that the size of the reservoir and pressure step should be selected to
completely charge or discharge the sample in about 30 doses. This of course is
dependent on the size of the sample, its capacity and charging pressures.
As a particular example, the effect of pressure on kinetics is illustrated in Figure 61 for a
1 g sample of LaNi5. When using a volume reservoir that is too small (10 ml, dashed
line), there is not enough hydrogen to hydride the entire sample to LaNi5H6. Therefore
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the pressure in the system must be the plateau pressure of LaNi5. The amount of
hydrogen in the reservoir is:
Equation 55

n=

5bar * .01L
PV
=
= .002molH 2
RT .083 bar * L * 298K
mol * K

A small portion of the hydrogen remains as a gas in the system to satisfy the
thermodynamic plateau pressure.
Equation 56

n=

1bar * .01L
PV
= .0004molH 2
=
RT .083 bar * L * 298K
mol * K

The remaining hydrogen, .0016 mol H2, enters the LaNi5 sample to create .234 g of
LaNi5H6. Because there is not enough hydrogen in the 10 ml reservoir, the system
pressure drop is from 5 bar to 1 bar and is equal to the driving pressure differential;
such a situation would greatly affect the observed kinetics.
In contrast, a 400 ml reservoir (solid line) under the same conditions has enough
hydrogen to hydride the entire sample. The amount of hydrogen in the 400 ml reservoir
is:
n=

Equation 57

5bar * .4L
PV
=
= .08molH 2
RT .083 bar * L * 298K
mol * K

After complete hydriding, there is .073 mol H2 that remains in gas phase. The pressure
associated with .073 mol H2 is:

Equation 58

P=

nRT
=
V

bar * L
* 298K
mol * K
= 4.5bar
.4L

.073mol * .083

In contrast, a large reservoir under the same conditions has enough hydrogen to hydride
the entire sample. After complete hydriding, there is enough H2 remaining in the gas
phase to maintain a pressure of 4.5 bar. The change in system pressure during hydriding
is about 0.5 bar (solid line), much less than the 4 bar pressure differential driving the
sorption reaction. Data from the large reservoir experiment would have measured
sorption to full capacity. The larger reservoir also provides the quasi-isobaric sorption
kinetics of the LaNi5 sample as the rates are not impacted by a significant change in the
driving which is logarithmic with pressure differential.
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Figure 61. Diagram of the pressure in sorption/desorption system during
hydriding reaction. The dashed line represents a test using a reservoir that is
too small and the solid red line represents a test using a sufficiently large
reservoir.
Another example is presented below to show the important effect of the driving
pressure on kinetics. A series of absorption and desorption measurements were
performed on NaAlH4 by Weifang Luo who then fit the data with an empirical rate
model.128 In this model, the absorption and desorption rates were dependent not only
on temperature but also on the driving pressure (∆P is the difference between the
equilibrium pressure at a given temperature and the applied pressure). The model was
validated by comparing predicted desorption curves with measured curves for changing
pressures and temperatures. Once validated, the model was then used to predict
absorption and desorption rates over a wide range of pressure and temperatures.
Absorption rates for the formation of NaAlH4 from Na3AlH6, Al and H2 are presented in
Figure 62. These results have important consequences for how such materials would be
used in a hydrogen storage application and a first look may be counter intuitive. That is
because the plateau pressures increase with temperature for a given applied pressure
and the driving pressure differential decreases. Therefore, it is possible that even
though mobility increases with temperature, there are practical conditions where it is
better to operate at a lower temperature to have faster hydrogen charging of the
storage material. This can be seen if one compares the absorption rate at 120°C versus
140°C at a charging pressure of 50 bar in Figure 62.
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Figure 62. Calculated formation rates of NaAlH4 at several temperatures and
applied pressures. 128

3.10 Thermal Effects
Arguably the most significant factor in accurate kinetics measurements is the interplay
of thermal effects in the hydrogen storage material, material holder and measurement
system. The importance of thermal effects has been discussed on several occasions in
this recommended practices manuscript and will be reiterated. Isothermal or controlled
scanning temperature conditions are required to take meaningful fundamental kinetics
measurements, in particular when attempting to identify rate-limiting mechanisms.
Unfortunately, large temperature variations can occur locally due to the exo- and
endothermic reactions and inadequate material thermal conductivity.
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3.10.1 Thermal Ballast
Several techniques have been developed to ensure isothermal conditions and minimize
thermal effects. Goodell and Rudman were two of the first to obtain approximately
isothermal conditions in the kinetics testing of hydrogen storage materials.123 Their
method is simple: ‘thermal ballast’ is added to the hydride to increase the heat capacity
of the sample and dampen the thermal gradients in the system. Ballast material is
carefully paired with the hydride being tested to ensure porosity, non-reactivity and
minimal contamination. The effect of ballast on the temperature excursions upon
hydriding is defined by
Equation 59

 ∆H 
∆T =  −
 ln{1 + (1 − b )x P }
 6.2 R 

with ∆H the heat of reaction, b the atomic fraction of ballast and xP the fractional
hydride composition of the sample. Equation 59 is presented graphically in Figure 63.94
To give an example of the significant thermal effects at work in kinetics studies, 98% of a
LaNi5–ballast sample must be thermal ballast in order to limit the temperature change
during reaction to within 10K of ambient temperature.

Figure 63. Dependence of the change in the adiabatic temperature during
hydriding on the fraction of thermal ballast for the LaNi5-H system.94
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3.10.2 Heat Transfer-Maximizing Cell
The second method used to eliminate heat transfer effects is to employ a specially
designed testing cell to maximize heat transfer to the sample. Maximum heat transfer is
accomplished by using a reaction bed that is as thin as possible along with a
thermocouple in the bed itself. Supper et al. designed a specialty cell to eliminate heat
transfer effects and study the influence of other parameters on kinetics. 129 In the
Supper cell, a thin disk of sample material is sandwiched between a porous metal disk
that allows for gas transfer and an integrated water-copper heat pipe that acts as an
isothermal heat source or sink. The heat pipe is regulated using an external water loop.

Figure 64. Schematic diagram of the Supper heat-pipe-cooled fast reactor
specially designed cell to eliminate heat transfer effects during kinetics
testing.129
The Supper cell in Figure 64 was used to investigate the effects of temperature and
sample thickness on kinetics in LaNi4.7Al.3. For the sample with 1 mm bed thickness,
increasing the temperature of the sample enhanced the kinetics of the material in
agreement with Arrhenius’ law.
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Figure 65. Measurements taken with the Supper Cell on LaNi4.7Al0.3 to
investigate the effects of temperature and sample thickness on kinetics.
Sample bed thickness of 1 mm.129

3.10.3 Effect of Sample Thickness
The effect of increasing sample thickness on the kinetics at various temperatures in the
example above is worth noting. As the thickness of the sample bed is increased, the
relation between temperature and kinetics is inversed; reaction rate decreases with
elevating temperature, as seen in Figure 66. Supper et al. provide an excellent
explanation: the increased thickness of the bed increases the temperature in the bed as
the reaction proceeds because the heat of reaction cannot be removed effectively. The
van’t Hoff thermodynamic relation dictates that the increase in temperature of the
sample requires a commensurate increase in the equilibrium pressure in the system.
The increased equilibrium pressure reduces the driving pressure differential at higher
temperatures because the experiments were all performed at the same distance from
equilibrium at the initial sample temperature. This decrease in the true pressure
differential because of non-isothermal conditions in turn decreased the rate of reaction.
This example of the effect of sample thickness on kinetics shows the complexity of heat
transfer effects in drawing conclusions from experimental observation.
Page 176 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 2: Kinetics Measurements

Figure 66. Measurements taken with the Supper Cell on LaNi4.7Al0.3 to
investigate the effects of temperature and sample thickness on kinetics.
Sample bed thickness of 6 mm.129

4 Approaches to Improve Kinetics
The kinetic behavior of a material is controlled by mechanisms that are determined by
specific material properties. Consequently, it should be possible to improve kinetics by
altering these material properties.
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4.1 Alloying
By alloying hydrogen storage materials with catalysts and/or other foreign substances, it
is possible to improve kinetics in a variety of ways. In chemisorbing materials, catalysts
aid in the dissociation of hydrogen at the gas/material interface and allow for more
rapid diffusion of atomic hydrogen into the bulk. A stylized view of how this may affect
the rate-controlling mechanisms is presented in Figure 67. Although oxygen (white) may
passivate one metal (dark gray), the introduction of a second element (light gray) may
provide active sites for dissociation, and may also create diffusion paths into the bulk.
Metal hydrides can also be blended together to manipulate the thermodynamic and
kinetic properties of the base material.

Figure 67. The presence of a second element, either in solution or as a
compound, can improve kinetics by providing active sites for dissociation and
creating a diffusion path through the lattice.60
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4.2 Grain Boundaries
Intimate contact between two different phases may improve kinetics by enhanced
diffusion through inter-phase grain boundaries (Figure 68). Intimate contact between
separated phases can be produced by mechanically milling a mixture of phases together,
by vapor deposition of one phase onto the others, or by the solid-state
disproportionation reaction of a compound upon hydriding.

Figure 68. Intimate contact between two different phases may allow atomic
hydrogen to diffuse through an active phase and cross the phase boundary into
the passivated phase.
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4.3 Decrepitation
Kinetics may be enhanced by crack formation due to lattice expansion during hydrogen
sorption. In metal hydrides, these cracks bring clean metal surfaces into contact with
hydrogen. The oxygen-free surface may promote the hydrogen dissociation reaction and
diffusion into the bulk. This process may also be enhanced in multi-phase systems by
cracks that form along inter-phase boundaries because of the different amount of
lattice expansion in separate hydride-forming as well as non-hydride phases. Such a
situation is pictured in Figure 69.

Figure 69. Lattice expansion and crack formation along phase boundaries
create clean metal surfaces for dissociation and diffusion.
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4.4 Nano-Structuring
Kinetics may be inhibited by diffusion through the lattice of chemisorbing media or
through the internal pore network of high-surface area physisorbing materials. In both
cases, nano-structuring can increase the diffusivity of hydrogen. In chemisorbing media,
nano-structuring increases the surface area-to-volume ratio, which allows for greater
access to the bulk and shorter diffusion paths (Figure 70). Diffusion pathways through
the internal pore network of physisorbing media are often tortuous and can become
occluded. Nano-structuring can offer more direct diffusion pathways and greater access
to internal surfaces.

Figure 70. Poor kinetics due to a surface hydride diffusion barrier can be
overcome by increasing the material’s surface area to bulk ratio (i.e. decreasing
the particle size).60

4.5 Example of Improvements
An example of enhanced sorption kinetics by altering material properties is the
observed rapid absorption and desorption kinetics of Mg-hydride formation in multiphase composite materials based on Mg, Mg2Ni and La. A combination of the above
concepts was ascribed to improved kinetics measured in these composite materials.60
The composites were produced by mechanically milling La2Mg17 together with LaNi5. In
the process, fine particles of LaNi5 were encompassed by the softer La2Mg17 to create an
intimate contact between the two phases (Figure 71). In a second step the composites
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underwent a phase and morphology transformation during the rapid absorption and
desorption of hydrogen at 300°C. This resulted in the disproportionation of the La2Mg17
and LaNi5 phases. Morphological changes occurred as the La coalesced into fine particles
and the Ni combined with Mg in a solid-state reaction to form larger grains of Mg2Ni.
During desorption cycles the remaining Mg likely diffused and sublimated to form a
matrix around the other phases. The final product was a composite of fine particles ( <1
micron) composed of Mg2Ni covered with small grains of La-hydride all held together
and coated with Mg (Figure 72).

Figure 71. SEM-BSE image of the cross-section of a composite particle formed
by mechanically milling La2Mg17 together with LaNi5. The lighter phase is the
LaNi5.60

Figure 72. SEM-BSE image of the cross-section of a composite particle after
cycling under hydrogen at 300°C. The lightest phase is La, the medium-grey
phase is Mg2Ni, and the dark matrix is the Mg phase.60
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The kinetics of these composite materials proved to be far superior to those of the
individual Mg and Mg2Ni phases. A study of the relative kinetics of each phase in the
composite revealed that the probable mechanisms for the enhanced kinetics were
enhanced catalytic dissociation of hydrogen on the Mg2Ni and La phases, rapid diffusion
along inter-phase boundaries and a reduction of the MgH2 diffusion barrier due to the
extremely large surface area of the Mg phase.

5 Kinetic versus Thermodynamic Issues
In pursuit of the ultimate hydrogen storage material it is important to separate kinetic
effects from the thermodynamic properties of a material. This is because a material may
be kinetically hindered, requiring high temperatures and pressures to achieve
reasonable hydrogen sorption/desorption rates, and these high operating conditions are
regularly mistaken as inherent thermodynamic properties of the sample. All too often, a
material is hastily excluded from hydrogen storage consideration on the basis of its
initially observed inability to sorb/desorb hydrogen at moderate temperatures and
pressures. In reality the equilibrium thermodynamics may be perfectly adequate for a
useful hydrogen storage system but poor kinetics require testing outside a practical
range of temperatures and pressures. Figure 73 shows what is considered the range of
standard operating conditions for a Proton Exchange Membrane (PEM) fuel cell (shown
in grey). As an extreme example, consider a hypothetical material that can
thermodynamically operate at room temperature, but which is kinetically hindered such
that much higher temperatures would be required to overcome the kinetic barriers.
Because the equilibrium pressure increases with increasing temperature Figure 73, it is
possible that the kinetic barrier could suppress hydrogenation over the entire range of
experimentally accessible pressures, i.e., by the time a temperature is reached where
the kinetics allow reaction, the required pressure is too high to be achieved.
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Figure 73. Equilibrium thermodynamics of some commonly researched
hydrogen storage materials. The boxed area represents the range of practical
operating conditions for a PEM Fuel Cell.126
A classic example of the relationship between kinetics and thermodynamics is
investigated in the work by Bogdanovic and Schwickardi on the effect of Ti-additives on
the hydrogen sorption properties of alanates. 130 Prior to their work, alanates were not
seriously considered as hydrogen storage materials because of the extreme pressures
and temperatures required for hydrogen absorption. Bogdanovic et al. systematically
doped sodium alanate with varying levels of titanium compounds and found that this
significantly improved kinetics and by consequence reversibility. This opened the
doorway to what followed as an intensive worldwide study of the alanate family as
practical hydrogen storage materials. Until the Bogdanovic work, little was done to
determine the thermodynamics of the sodium-alanate system because it was nearly
impossible to reach thermodynamic equilibrium due to slow intrinsic kinetics of the
pure alanate system. Only after the discovery of greatly enhanced kinetics in samples
doped with titanium precursors was it was even feasible to make equilibrium PCT
measurements, and even these achieve only partial equilibrium conditions at lower
pressures and temperatures due to kinetic limitations.
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Section 3: Capacity Measurements
1 Introduction and Definitions
Hydrogen capacity is the material property that has had the greatest focus of attention
in the race to discover and improve the ultimate hydrogen storage material. While the
other critical materials properties (kinetics, thermodynamics, stability, safety, cost and
flavor) may have been pushed into the shadows by comparison, it is true that without a
reasonably high capacity, a material can not be considered viable for on-board hydrogen
storage. And yet, despite all of its appeal and the perceived simplicity of the concept,
the hydrogen storage capacity of a material has not been, in fact, either well defined, or
(in many cases) very easy to measure, particularly when the measurement of and
accounting for gas-phase species other than hydrogen is brought into play.
Unfortunately, focus on the glitter of what is not always gold has, on occasion, lead to
the expenditure of great efforts, minds, and money on unproductive paths. From this
perspective, it is the aim of this chapter to help to clarify the different definitions,
practical relevance, and best practices in the measurement of hydrogen storage
capacity.

1.1 Hydrogen Storage Materials Classifications
The mechanisms of hydrogen uptake in a material can be separated into
“Physisorption”, or “Covalent” and “Interstitial”, with a cross-over mechanism referred
to as “Spillover”. These mechanisms are defined in the introduction section 3 .
A material’s hydrogen storage capacity is strongly dependent on the hydrogen-material
binding mechanisms responsible for hydrogen uptake. Hydrogen storage mechanisms
differ among molecularly bound hydrogen that is physisorbed, and hydrogen that is
dissociated and covalently bound or occurs in the interstices of metal atoms in alloys.
The strength of the hydrogen interactions among these various modes of hydrogen
binding affects the overall manner in which a hydrogen storage material will be used in
a real application. Because of the different energetics among the classes of hydrogen
storage materials, different measurement approaches and definitions of storage
capacity are needed to fully describe the hydrogen storage characteristics of these
separate classes of materials. For this reason, we will review the hydrogen storage
capacity definitions with respect to the different categories of storage materials
differentiated by the type and strength of hydrogen binding mechanisms.
To begin with, we separate hydrogen storage materials into three different classes
described in the Introduction section 5 :
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1) Physisorbed hydrogen storage materials that store hydrogen by molecular
physisorption or weak atomic chemisorption. These typically have high hydrogen
storage capacities at cryogenic (77K) storage temperatures but some ambient
temperature applications are being explored as well.
2) On-board reversible hydrogen storage materials that store dissociated hydrogen
either covalently or as interstitially bound hydrogen. These are able to take up and
release hydrogen at moderate temperatures and pressures allowing the materials to be
directly recharged with hydrogen in-situ on a vehicle
3) Off-board regenerable hydrogen storage materials that store dissociated hydrogen
as covalently bound hydrogen materials, but that require more complex off board
chemical processes for regeneration.
These classes of materials tend to parallel the focus of the US DOE’s three different
hydrogen storage materials development Centers of Excellence:
1) Sorption,
2) Metal Hydride, and
3) Chemical Hydrogen Storage.
In reality the boundaries are not distinct and there is much overlap between the
materials and research centers.
1.1.1 Physisorbed Hydrogen Storage Materials
Hydrogen storage by physisorption or weak chemisorption of H2 on high-surface-area
materials, such as activated carbon, nanostructured materials, and metal organic
frameworks (MOFs) has the advantage of inherent reversibility, cyclability, generally
rapid release and recharging kinetics and high capacities at moderate pressures (ca. 30
bar). Physisorption generally involves weak interactions of molecular hydrogen with the
surface. However, surface adsorption of hydrogen can also include spillover of atomic H
and Kubas type binding of molecular H2. Because these interactions are rather weak,
materials that store H2 by physisorption have the drawback of low storage capacities at
near ambient temperatures. Gravimetric storage densities only reach acceptable levels
at cryogenic temperatures (77K). Up to now, most physisorption studies have focused
on the storage capacity of the materials and have not included thermal performance of
the storage system. The net storage capacity of an adsorption based system over a wide
range of pressures and temperatures as well as system thermal requirements are
important for real world applications. Recent analysis on a systems basis suggest that a
5 kg hydrogen tank of 150 liters capacity of high-surface-area activated carbon (77K and
up to 350 bar) will offer an advantage over cryogenic-compressed hydrogen storage if
the residual mass of physisorbed hydrogen in the tank is retrieved by heating. The
results of this study are summarized in a recent paper by M.A. Richard et al. 131
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In physisorption, intermolecular forces between hydrogen molecules and surface atoms
create a region near the surface of the material where the local hydrogen density is
greater than in the bulk gas. This region is called the adsorbed phase, or more
colloquially the boundary layer (BL), and may extend several hydrogen molecule
diameters from the solid surface (shown in Figure 74a).81 As in other transport fields, it
is difficult to quantify the extent of the hydrogen BL because the density, used to define
the boundary layer, asymptotically approaches that of the free gas phase. In order to
avoid ambiguity, the physical chemist J.W. Gibbs proposed the concept of Gibbsian
surface excess (GSE), a measure of the additional hydrogen stored in the boundary
layer. GSE allows for the unambiguous and practical determination of the extent and
advantage of the adsorption of molecular hydrogen to the surface of a material with
respect to the hydrogen storage materials themselves and also with respect to the
complete storage systems. The reader is referred to Sircar for a more detailed analysis
of GSE theory and application.81
A material’s excess hydrogen capacity is a measure of the Gibbsian surface excess
(shown in Figure 74b). It is this “excess hydrogen storage capacity” which is the
preferred capacity representation for physisorption materials like nano-structured
carbon, aerogels and MOFs. The complete set of definitions of physisorption capacities
and their relation to GSE are presented in more detail below in section 1.4 .

Figure 74. Schematic illustration of (a) physisorbed hydrogen and (b) the
distinction between excess and bulk gas phase hydrogen.
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1.1.2 On-Board Reversible Hydrogen Storage Materials
On-board reversible hydrogen storage materials consists of a wide range of materials,
with the sole requirement that the thermodynamics allow the discharged materials to
be recharged on-board a vehicle under reasonable pressures and temperatures Many if
not all of the members of this class of storage material release hydrogen
endothermically. If the release of hydrogen is very endothermic, heat might have to be
supplied to the material to achieve reasonable rates. However, recharging endothermic
release materials with hydrogen of course releases heat, and managing the rate of this
heat release is often a challenge for on-board regeneration. Within this class of
materials, the thermodynamics of release on the order of 30 kJ/mol H2 provides the
ideal stability for the reversible uptake and release of hydrogen at room temperature
and 1 atmosphere. Solid on-board hydrogen storage materials include among other
things, interstitial metal hydrides, covalently bound metal hydrides including multicomponent hydride systems and metal amides, borohydrides, etc. With respect to these
“reversible” materials the interstitial metal hydrides and covalent complex metal
hydrides have received the most research focus over the last few decades. A brief look
at these two classes of materials is presented here in view of capacity measurements.
There are three general types of metal hydrides: interstitial metal hydrides, covalent
metal hydrides, and covalent complex metal hydrides. Interstitial metal hydrides are
materials such as LaNi5Hx, where hydrogen atoms are found in interstitial sites within
the metal atom substructure. The hydrogen bonding is often complex but relatively
weak, involving multicenter bonding between hydrogen and the metal. Examples of
complex saline hydrides include lithium aluminum hydride, LiAlH4, and sodium
borohydride, NaBH4. Covalent metal hydrides are discrete compounds such as MgH2,
AlH3, among others, where the bonding between hydrogen and metal is very covalent
and localized and strong. Complex covalent hydrides are compounds such as metal
borohydrides, metal amides, and mixtures thereof, and the bonding between hydrogen
and either B or N, etc is highly covalent and strong.
Most metal hydride formation reactions are exothermic and relatively stable below their
dissociation temperatures. This means that under suitable activation conditions, the
formation reaction will be spontaneous, and the hydrogen will remain stored within the
material until a certain desorption temperature is reached.
Hydrogen absorption in reversible interstitial metal hydrides may involve a number of
complex, multiple-step mechanisms, such as: Adsorption – Disassociation – Dissolution
– Nucleation and Growth and may lead to bulk discrete metal hydride compound
formation. Figure 75 illustrates the sequential dissociation of molecular H2 at the surface,
diffusion of atomic hydrogen through the crystal metal lattice to form a hydrogen-metal
solid solution that in some circumstances may reach a critical concentration where the
nucleation and growth of bulk metal hydride phase occurs.. Hydrogen desorption,
follows the reverse path.
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Figure 75. Potential energy curves for the activated or non-activated
dissociation and chemisorption of hydrogen on a clean metal surface, followed
by the endothermic or exothermic solution of atomic hydrogen into the bulk.

Thus, the equilibrium hydrogen capacity of an interstitial hydride will be dependent on
the temperature and pressure conditions of the sample. The idealized PCT diagram of
Figure 76 show how hydrogen concentration varies with pressure for different
temperatures (T1, T2 and T3). Assuming a flat plateau (which may or may not be the case
for a metal hydride) the capacity of a sample at a given temperature will be the
concentration of hydrogen in solution in the metal (alpha-phase) below the plateau
pressure or the concentration of hydrogen in solution in the hydride (beta-phase) above
the plateau pressure. The hydrogen capacity for any pressure at a temperature T2 is
indicated by the red portions of the T2 isotherm. The capacity becomes continuous at
the critical pressure and temperature Tc. For a metal hydrogen system with a sloping
plateau, the capacity is simply the equilibrium hydrogen concentration at a given
temperature and pressure (the extreme case being amorphous metal hydrides)
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Figure 76. Illustration of a PCT Pressure Composition Temperature phase
diagram for hydrogen-metal solid solution α-phase and metal hydride
formation β-phase. Temperature isotherms are shown for increasing
temperatures T1, T2 and T3.
Complex hydrides generally release and absorb hydrogen through bond-breaking
decomposition and recombination reactions sometimes through discreet intermediate
phases. Many complex hydride systems, such as NaAlH4, involve multi-step chemical
reactions that have multiple dissociation temperatures corresponding to different stable
intermediate states. Using the example of sodium alanate again,30 the practical
decomposition of NaAlH4 occurs in two steps. The first step shown in Equation 60 will
occur at room temperature with added Ti-dopants, albeit at extremely slow rates, and
at 220 oC without additives. This step accounts for 3.64 wt% of hydrogen, or half of the
total theoretical storage capacity of 7.28 wt%.
Equation 60

3NaAlH4  Na3AlH6 + 2Al + 3H2

The reaction in Equation 61 occurs at ~250 °C, releasing another 1.82 wt% of hydrogen.
Equation 61

Na3AlH6  3NaH + Al + 3/2H2
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The remaining 1.82 wt% hydrogen remains as stable NaH which is not released under
practical conditions. Thus, the total theoretical capacity of the sodium alanate system is
5.46 wt.%. The actual measured capacities will generally be much lower that the
theoretical capacity due to 1) addition of additives to the total sample weight, 2) the
reaction of additives or impurities with the alanate to form inactive phases and 3)
incomplete reactions due to poor kinetics or segregation of reactants.
The PCT measurements of the Ti-doped Na-Al-H system in Figure 77 show the reactions
of Equation 60 and Equation 61. Because these complex hydrides absorb and desorb
hydrogen through chemical decomposition / recombination reactions and the
measurements allowed enough time for the system to reach equilibrium, the plateaus
are essentially flat. Thus, while the hydrogen concentration during the measurements
varied with dosing and time between 0 and 2.5 H/Al, the hydrogen capacity of this
material is either 1.0 H/Al or 2.5 H/Al depending on the applied pressures and
temperatures.

Figure 77. PCT measurements at different temperatures for the decomposition and
rehydriding of NaAlH4 and Na3AlH6. 132
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1.1.3 Off-board Regenerable Hydrogen Storage Materials
There are numerous approaches to hydrogen storage that result in “spent fuel” that is
not feasible to regenerate on-board, and these storage materials are considered here.
The key feature of these materials is that they typically release hydrogen in an overall
exothermic set of reaction sequences, and the dehydrogenated products are too
thermodynamically stable to rehydrogenate in a practical sense. These materials may
require chemical regeneration in an off-board process. Perhaps the most explored
example of an off-board regenerable storage material is ammonia borane (AB), NH3BH3, a molecular solid that releases hydrogen stepwise to liberate hydrogen, heat, and
“BNHx”, where x is determined by the severity of the dehydrogenation conditions.
Losing one mole or 6.5 wt. % of H2/mole of AB results in the known compound
cyclotriborazane. Losing two moles or 13 wt. % of hydrogen generates the molecular
compound borazylene. Loss of additional hydrogen (up to 16 wt. % may be readily
delivered) presumably results in the formation of cross-linked borazylene units, forming
so-called polyborazylene, and other BNHx oligomers or polymers.

Regeneration of polyborazylene with H2 pressure is too endothermic and not feasible in
a practical sense, and so spent AB must be regenerated using a chemical process.
Another subclass of potentially off-board regenerable covalent hydrogen storage
materials are certain organic hydrocarbon compounds, where hydrogen is stored as C-H
bonds, and released endothermically. Researchers at Air Products have led the way in
exploring a variety of endothermic hydrogen release compounds.133 Another example of
an off-board regenerable storage material that received some attention is the simple
molecular solid sodium borohydride. Controlled hydrolysis of concentrated aqueous
solutions of sodium borohydride release hydrogen and generate sodium borate.
Rehydrogenation of sodium borate is too endothermic, and so regeneration of the
borohydride from the borate in an energetically efficient pathway is a significant
technical challenge. In all of these cases, the bonds that are being broken are quite
strong and covalent B-H or N-H bonds, with bond strengths on the order of 300-400
kJ/mol.

In addition to the importance of the on-board storage capacity and the hydrogen
release rates, the energy efficiency of the off-board regeneration of spent fuel is a key
contributor to the overall energy efficiency of the fuel cycle. Chemical hydrogen storage
provides a diversity of options and could also be used for hydrogen delivery where it
offers the opportunity for a liquid or solid fuel infrastructure with the potential for no
direct hydrogen handling by the consumer.
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Figure 78. Schematic representation of nature of differences in binding and
density of hydrogen ranging from surface adsorption to chemical hydrides.
Chemical hydrides can show significantly higher density of deliverable
hydrogen as compared to other hydrogen storage materials.
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1.2 Definitions of Capacity With Respect to Hydrogen Storage
The general concept of hydrogen storage capacity is straightforward. Unfortunately,
behind the conceptual simplicity is the difficult task of making the translation from
laboratory measurements of gas sorption to reliable values for the practical amount of
hydrogen that can be stored for use on-board a hydrogen fuel cell vehicle. At an initial
level, “storage capacity” values depend on a wide range of precise and often confusing
definitions being used in the field of hydrogen storage research. For example, the term
“Total Capacity” is used in different ways. It can refer to the total amount of hydrogen
stored by a storage system as well as the amount stored within a storage material. It is
important to be able to distinguish between the various capacities reported in literature
and understand which capacities are most informative at different levels of hydrogen
storage research. The definitions that are used for capacity can be very different
depending on whether the context is; understanding fundamental sorption processes,
developing improve materials, or hydrogen delivery at system level. For this reason, we
begin this section with, what we hope to be a concise and definitive summary of the
different capacity definitions as they relate to different material types and research
focus.
Definitions of capacity can be divided into two overlapping categories, those based on
the where the hydrogen located (gas, near surface or in the bulk of a material) and
those based on the physical considerations that limit the quantity of deliverable
hydrogen (pressure, temperature and time).
The two most instructive capacities at the materials development and system
performance levels are the total material and system capacities. The total material
capacity is the maximum amount of stored hydrogen that is associated with the storage
material itself; this includes hydrogen stored by compound formation or absorbed in the
material, hydrogen physisorbed to the surface of the material and any gaseous
hydrogen within the pores of the material. For chemical hydrides and traditional metal
hydrides, the total material capacity is typically equivalent to the atomic hydrogen
stored within the bulk of the material because of metal hydrides’ minimal porosity and
negligible storage contribution made by adsorption. For porous materials, the hydrogen
stored as a gas within the pores and physisorbed to the surface can be significant as the
porosity or total surface area increases. The total system capacity is determined by
adding the total material capacity and the hydrogen stored as a gas in the free
(unoccupied) volume of the total storage system. Being able to determine the total
system capacity is critical for practical applications because this represent the total
amount of hydrogen available to a fuel cell, combustion engine, or other real world
devices.
Another important consideration is that, for the purpose of the research being
conducted for which this document has been created, hydrogen is stored to be used as
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an energy carrier. Because this covers hydrogen storage in a wide range of forms,
compressed, liquid, physisorbed, onboard reversible or off-board rechargeable
hydrogen it is sometimes difficult to make useful comparisons of storage methods based
only on the quantity of hydrogen stored. Ultimately it is the energy storage capacity (or
efficiency) that is important. It seems reasonable then, that eventually materials and
systems will need to be evaluated on a complete wells-to-wheel energy balance basis.
Such an analysis would need to account for all energy inputs in producing the hydrogen
to be stored, the transportation and dispensing and perhaps cooling (physisorption) of
the hydrogen to the storage system (for on-board regenerable materials), the energy
required to release or initiate release of the hydrogen, and for off-board systems, the
energy input required to regenerate the fuel from spent fuel, and the transportation
and dispensing of fuel and spent fuel to and from the reprocessing plant.
Currently, such a complicated wells-to-wheels analysis is premature, even though
certain aspects are being worked on, but will not be covered here. However, hydrogen
storage capacity at a materials level and best approximations at a systems level are key
parameters in evaluating the potential for materials to meet the goals of a practical
hydrogen energy economy. With respect to hydrogen storage capacity, it is critical that
the terminology, measurement methods, and relationship to stored energy are well
understood and employed.
An important consideration with respect to these measurements is that, while hydrogen
capacity is of significant technologically of interest, in many of the materials systems
being explored, the potential for generation of volatile gas-phase impurities exists, and
the various impacts of these impurities must be assessed as well as the total hydrogen
storage capacity. How gas-phase impurities influence the capacity measurement, or how
the presence of gas-phase impurities might impact the reversibility of the material, or
the loss of material from the system, and the impact of gas-phase impurities on the
downstream uses of the hydrogen stream must be considered when developing
methodology to accurately and precisely determine the true hydrogen capacity of a
system and the quality of the hydrogen stream released.
1.2.1 Synopsis of Capacity Terminology
Material Hydrogen Content: the total quantity of hydrogen that is present in a material.
Reversible capacity: the quantity of stored hydrogen for on-board reversible materials
that can actually be taken up and subsequently released by a material under reasonable
(Laboratory) pressures and temperatures (-196 to 500oC and 100 mtorr to 300 bar).
Usable capacity: the total quantity of stored hydrogen that can be released by a
material within the operating range (high and low) of temperatures and pressures found
in a mobile storage application (USDOE operating targets: Temperature of -196 °C [LN2]
to 85oC [PEM fuel cell] and a delivery pressure range of 3 to 40 bar).
Page 195 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 3: Capacity Measurements

Onboard Irreversible capacity: the quantity of stored hydrogen that can be released but
not reabsorbed by a material under temperature and pressure conditions reasonably
achievable in a mobile storage application.
GSE (Gibbs Surface Excess): Gibbs proposed a model to represent the gas-solid
adsorption system as a two dimensional interface which is arbitrarily located within the
bulk gas phase that creates a new adsorbed phase, called the Gibbsian adsorbed
phase.134 In Gibbs’ view, the gas-phase properties extend unchanged up to the solid
surface. Differences between the actual and the unchanged properties are attributed to
a hypothetical surface layer. The surface excess adsorption is the difference between
the actual amount of gas adsorbed and the amount of gas that would be present in this
adsorbed layer if the density of the adsorbed phase was the same as the equilibrium
(bulk gas) phase.
Excess adsorption amount (sometimes refer to as excess capacity): Extra hydrogen
present due to adsorption of the gas to the surface of a material. Excess capacity is the
measured surface excess adsorption capacity of a material. It represents excess
hydrogen per unit sample over what would be present if the bulk gas density prevailed
all the way to the surface, it can be positive, negative or zero. It is the material hydrogen
storage capacity that is determined directly using volumetric and gravimetric methods.
Maximum excess adsorption amount: The peak excess hydrogen adsorption capacity at
a specific temperature for a range of pressures.
Absolute adsorption capacity: the total amount of hydrogen present in the space where
the attractive potential from the surface is effective (adsorbed phase). This is all of the
gas in the adsorption boundary layer including the bulk phase gas and the surface excess
gas. Because the boundary layer is a hypothetical construct, the absolute adsorption
capacity can not be measured experimentally. It can be a useful conceptual quantity but
relies on uncertain assumptions regarding the arbitrary placement of the dividing line
and surface shape between adsorbed and bulk gas.
Total material capacity: all hydrogen actually absorbed in the bulk, as well as, all gas
adsorbed to the surface of a material and present as a gas within the pores and cracks of
individual particles of a material. Thus, total adsorption often includes compressed gas,
which is not present in the adsorption boundary layer.
Active material capacity: is a measure of how much hydrogen can actually be delivered
from the portion of the material that actively stores the hydrogen. It excludes the mass
of material such as catalysts or thermal conductivity additives that do not store the
hydrogen. This is a useful quantity when making materials performance comparison for
kinetics studies.
Theoretical material capacity: all hydrogen that could theoretically be absorbed in the
bulk and adsorbed to the surface of a material and as a gas within the pores and cracks
of individual particles of a material.
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Total system capacity: all hydrogen actually absorbed in the bulk and adsorbed to the
surface of a material and as a gas within the pores and cracks in a material and in the
free volume of the storage container.
System excess capacity (also referred to as “engineering” excess capacity): Is the
capacity of a storage tank filled with a hydrogen storage material and hydrogen over
and above the amount of hydrogen stored in the same tank at the same hydrogen
temperature and pressure if the tank were empty (no hydrogen storage material). It
answers the question: At what point is it better to have an empty tank?
Gravimetric material capacity: the total quantity of stored hydrogen with respect to the
mass of the storage material (may be energy/mass material, mass H2/mass material,
wt.% [wt-H/(wt-material + wt-H)], wt-ratio [wt-H/wt-material], etc.).
Gravimetric system capacity: the total quantity of stored hydrogen with respect to the
mass of the storage system including the vessel and ancillary equipment to operate the
storage system (may be energy/mass material, mass H2/mass material, wt.% with
respect to the material mass, etc.).
Volumetric material capacity: the total quantity of stored hydrogen with respect to the
apparent volume of the storage material (may be energy/volume material, mass
H2/volume material, wt.% with respect to the material volume, etc.).
Volumetric system capacity: the total quantity of stored hydrogen with respect to the
total volume of storage system including the vessel and ancillary equipment to operate
the storage system (may be energy/volume material, mass H2/volume material, wt.%
with respect to the material volume, etc.).

1.2.2 Capacity vs. Concentration
Before concentration and capacity can be discussed in depth, it is important to
differentiate between capacity, a material property, and the concentration variable in
hydrogen storage measurements.
Concentration and capacity provide information about the hydrogen content of a
sample. Concentration is the temporal measure of hydrogen content in a sample and is
the most fundamental variable in hydrogen storage; it is also the one important variable
that cannot easily be measured directly in the material. In all cases, calculated
relationships are used to determine hydrogen concentration from measurable
(independent) variables. Concentration is the fundamental quantity needed for
determining capacity and many other storage properties, including kinetics,
thermodynamics and cycle life. Factors that affect concentration measurements will
invariably affect the determination of other vital properties of a hydrogen storage
material.
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A simple example illustrates the difference between concentration and capacity. Figure
79 shows an idealized PCT isotherm of LaNi5, a well-known hydrogen absorbing
material, at two different stages of hydriding. At a specific temperature with a
corresponding plateau pressure of 1 bar, the theoretical material capacity of LaNi5 is
1.38 wt.% H2 corresponding to LaNi5H6. Neglecting hydrogen in solution in the alloy or
the hydride, this is the maximum steady-state hydrogen concentration achievable at a
given temperature. Thus, the capacity of a storage material is equal to the maximum
concentration when fully hydrided (or 1.38 wt.% for LaNi5H6 as shown in Figure 79). The
sample’s hydrogen concentration is a measure of hydrogen content which depends on
pressure, temperature, time (kinetics and thermodynamics), and the quantity of
hydrogen to which the sample is exposed. For example, a sample that has only been
exposed to enough hydrogen in one dose to convert half of the sample to the LaNi5H6
hydride will have a hydrogen that increases in time from 0 to 0.69 wt.% H2. When
equilibrium is achieved, the sample’s final concentration will be 0.69 wt.% H2.
Regardless, the sample’s capacity under these conditions is still 1.38 wt.% H2.

Figure 79. Illustration of the relationship between concentration and capacity
for a flat plateau hydride.
In this regard, concentration is treated as a variable and not a property of a material.
Thus, concentration is used to describe the state of the material in the same way
temperature is used. A material’s capacity, on the other hand, is a specific material
property that is dependent temperature and pressure.
From the broadest definition, “capacity” represents the maximum steady-state
hydrogen content in a material and capacity measurements are central to developing
materials and systems that meet the criteria established by the US Department of
Energy (DOE) for on-board hydrogen storage. However, hydrogen capacity can be
Page 198 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 3: Capacity Measurements

defined in a number of different ways which depend not only on how hydrogen is stored
in a material (binding mechanisms) but also on the issues being addressed with respect
to capacity (fundamental vs. application questions). Hydrogen binding mechanisms and
important definitions of “capacity” are presented in the next two sections.
1.2.3 Reversible vs. Usable Hydrogen Capacity
An important consideration when referring to the hydrogen storage capacity of
chemical compounds is to identify the actual amount of stored hydrogen that can be
practically used. We refer to this as the “Reversible Capacity” regardless of whether the
recharging process will be on-board or off-board a vehicle. This is the amount of
hydrogen that can be released and recharged to a material under reasonable conditions.
Here we define these conditions as the pressures and temperatures achievable in a
typical laboratory environment (-196 to 500oC and 100 millitorr to 300 bar). In many
cases, there is some hydrogen that remains chemically bound to its host that will not be
used under any condition and thus will not count towards the usable capacity of the
material or system.
It is important to stress the difference between “Usable Capacity” and “Reversible
Capacity”. The definition of both are somewhat ambiguous, since laboratory conditions
and the conditions required for absorption and desorption of hydrogen in a real world
application vary significantly. For example, the DOE has target for a fuel cell vehicle
system is an operating temperature range of -40 to 85oC and an operating pressure
range of 3 to 40 atm for hydrogen supply during vehicle operation, but determines the
filling time based on a temperature of 20oC. We have modified the definition to include
physisorption materials at -196oC. The upper temperature limit could also be modified
depending on whether some form of storage system heating is used and if the hydrogen
energy conversion device is another type of fuel cell than the low temperature PEM or
an internal combustion engine. Here we define the conditions for “Usable Capacity” as
the pressures and temperatures needed for the operation of PEM fuel cell
transportation system without hydrogen storage system heating (-196 to 85oC and 3 to
40 bar). Such a system is referred to as “passive” in contrast with “active” systems in
which the residual hydrogen associated with the operating pressure of the system can
be extracted by heating or pumping. 135
1.2.4 Hydrogen Content vs. Reversible Capacity
Usable capacity was discussed in section 1.4.7 , 1.5 and 1.6 above with respect to the
minimum required pressure limitations of physisorption material, on-board storage
materials and off-board hydrogen storage materials. For physisorption, the 3 bar
pressure required by the fuel cell may severely limit the accessible amount of hydrogen
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stored in the adsorption materials if cryogenic temperatures of the storage system are
to be maintained. For the other hydrogen storage materials, the same pressure limit
holds, except that generally much less of the hydrogen storage capacity is locked up in
the 0 to 3 bar pressure range. Typically, most of the stored hydrogen will be in an
optimized chemical system that releases most of the hydrogen at a pressure above the
required pressure of the application (fuel cell).
It is important to make the distinction between the hydrogen “content” of a material
system and the reversible (or usable) capacity. In materials other than physisorption
materials, a large amount of hydrogen may be inaccessibly tied up in a very stable
hydride phase that can not be released given the practical pressure and temperature
conditions of the application. There are many hydrogen systems that have hydrogen
contents that are much higher than the actual practical reversible hydrogen storage
capacity. Some examples of hydrogen content are given in Figure 80.

Figure 80. Hydrogen content of different hydrogen storage materials.3
Taking the well studied alanate NaAlH4 as an example, the pure compound has a
hydrogen content of 4H per NaAlH4 or 7.4 wt.%. However, for all practical purposes, the
reversible hydrogen storage capacity is less than 4 wt.%. This is because a large portion
of the hydrogen in this system is tied up as irreversible NaH in the sequential reactions:
Equation 62

NaAlH4  1/3 Na3AlH6 + 2/3Al + H2  NaH + Al + 3/2H2
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The first reaction releases a theoretical 3.7 wt.% and the second an additional 1.9 wt.%.
The true reversible capacity is further reduced by weight and secondary reactions of the
addition of kinetic enhancing additives (typically Ti-compounds) as well as the kinetic
limitations of the reactions.
As nature is inclined to make hydrogen storage a challenge it seems that we find our
selves surrounded by very high hydrogen content compounds (water at 12.5 wt.% being
one of them) that can not be considered practical hydrogen storage materials. The
grand challenge then is to discover ways to modify some of these high hydrogen content
materials to reversibly take up and release hydrogen under practical conditions.
1.2.5 Active Capacity (All Materials)
Another material capacity definition that can apply to all types of materials whether
hydrogen is physisorbed or chemisorbed is what we refer to as “Active Capacity”. This is
the capacity of hydrogen stored in a material measured with respect to the mass of the
active component of the material. That is the portion of the material that actively
participates in desorption or sorption processes. All other components of the total
hydrogen storage material are excluded, such as: catalyst reaction byproducts (e.g.
NaCl…), heat transfer material and media (e.g. carbon, aluminum powder or
structures…), macrostructure support material (e.g. mesoporous carbon or silicon
confinement or template material, thin film substrates…).
This definition of capacity is most useful for fundamental or materials development
studies, in which one is comparing, desorption or sorption properties of different
modifications of the same material. From a materials perspective, “Active Capacity” is a
measure of how much hydrogen can actually be delivered from the portion of the
material that actually stores the hydrogen. This is particularly important for kinetics
studies and is addressed in detail in 3.5.1 and 3.5.2 of the kinetics chapter. Since rates
are typically being measured in units of wt.% per time, to make a comparative analysis
of the effect on kinetics of different catalysts or additives, rates should be compared on
an active wt.% capacity basis and not on total capacity. Thus, for this purpose, we have
defined the “Entire Material Capacity” including active and inactive material
components as:

Equation 63

Entire wt.% =

mass H 2

mass sample + mass H 2

* 100%
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and the “Active Material Capacity” as:

Equation 64

Active wt.% =

mass H 2
mass active sample + mass H 2

* 100%

It is also of value when comparing improvements in the capacity of the active
component by the modification of catalysts or other additives that will themselves
affect the weight of the storage material. If the total capacity is used for comparison
rather than the active capacity, it is possible that a heavier additive that improves the
storage capacity of the main component of the material will appear less effective than a
lighter additive than has a less beneficial effect and this could lead to the incorrect
conclusion about which additive is potentially more effective in improving capacity.

1.3 Units of Measured Hydrogen Capacity
It is useful to start with a discussion of the most commonly used units of hydrogen
storage capacity.
Hydrogen per formula unit [H/f.u.] has been a common unit in the study of hydrides in
that the discovery of hydrides and research on the properties of hydrides generally
focused on single phase hydride compounds. However, the current research on
materials for hydrogen storage often involves multi-component materials. For this
reason, hydrogen capacity today is most commonly presented in units quantifying
hydrogen on a per-mass or per-volume basis. Typical units are:
Mass hydrogen per mass sample (wt. ratio) [g/g]:

Weight Percent hydrogen (wt.%) [g/g]:

M Hydrogen
M solid

M Hydrogen
M solid + M Hydrogen

× 100

Moles hydrogen per mass sample (moles H) [Moles H/g]:

Volume hydrogen per mass sample (STP Vol. H2) [liters/g]:

moles Hydrogen
M solid
LitersH 2
M solid
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Note that the first definition (wt. ratio) may be most useful in some cases as it is
naturally related to other specific quantities of interest. It is thus readily compatible for
comparison and correlations with quantities such as specific surface area (m2/g), specific
volume (ml/g), and other concentrations (mol/g). On–the-other-hand, second definition
(wt.%) is somehow more representative of the performance of the material.

1.4 Physisorption Materials
The hydrogen storage capacity of physisorption materials involves some complex details
that are important to understand including the differentiation between “excess
capacity”, “absolute capacity” and “total capacity” as well as the potential for significant
impurity effects due to the large surface area of this class of materials. These details can
be overlooked and cause confusion on how to report hydrogen storage capacities and
have occasionally lead to mistaken representation of capacity results in the field of
hydrogen storage research.
It is vitally important for physisorption measurements of any kind, that capacity data
is properly labeled as either “excess”, “absolute”, or “total” capacity. And equally
important that any assumptions made in determining the capacity values are clearly
reported.

The basic result that is generated from both volumetric and gravimetric measurements
is “excess” hydrogen capacity. From a best practice point of view and consistency in
the field, the measured hydrogen “excess” capacity is what should be reported.
Everything else, absolute and total capacity, is an estimate based on this physical
measurement and will only be as valid as the assumptions made in making these
estimate. It is important from a system storage perspective to have a good idea of
“absolute” and “total” capacities, but it is equally important to report how these
values were determined and what assumptions were made when presenting such
values.
Detailed concepts and definitions of material and system capacities for physisorption
materials are presented in this section. However, a simple illustration is given below in
Figure 81 to clarify the three most common capacity terms (“excess”, “absolute”, or
“total” capacity) for physisorption materials.
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Figure 81. Illustration of physisorption hydrogen storage material capacity
terminology.29
Physisorption hydrogen storage materials rely on the interaction of molecular hydrogen
and the solid surface of storage materials with extremely high surface areas.
Physisorption is restricted to adsorption and occurs when the forces involved are weak
intermolecular forces, also known as van der Waals forces. It is useful to make a
distinction between molecular physisorption, in which the H-H bond in the gas phase is
preserved in the sorbed state, and chemisorption, in which the H-H bond is broken
during the sorption process. Physisorption is usually accompanied by multilayer
molecular adsorption at the surface of the material depending upon temperature.
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The important quantities pertaining to physisorption hydrogen storage by a solid
adsorbent (s), the adsorbate (a) and the adsorptive gas (g) are illustrated for a simple
Gibb’s excess schematic diagram in Figure 82.
The adsorptive gas phase is described by a real gas equation of state ρg(H2, P, T), as a
function of pressure (P) and temperature (T)where ρg is the real gas density of the
sorptive gas in the storage container in the absence of any sorbent interactions. The
volume of the adsorbent material (Vm) is the volume of the sorbent which is
impenetrable to the adsorptive gas. For a porous material Vm is referred to as the
skeletal volume (Vsk). Typically, the skeletal volume is assumed to be equal to the helium
volume (VHe). That is the gas displacement volume of the sample using helium gas as a
probe.

Figure 82. Illustration of the Gibbs surface excess mass for a physisorption
material in a storage vessel or measurement volume Vv.29
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The free gas volume (Vf) (sometimes called the “dead volume”) is the difference
between the instrument vessel volume Vv (or at a storage system level, the total storage
tank Vempty vessel volume, see section 1.4.11 ) and the material volume, and is expressed
as Vf = Vv - Vm. The free gas volume Vf is often measured directly using helium gas and
the volumetric technique. For this approach to be valid it is important that the that
helium does not physisorb to the sample surface in significant quantities. This is
probably a valid assumption for most materials at room temperature and pressures
lower than 10 bar. However, at high helium pressures (100 bar) or low temperatures
(77K) this assumption may no longer be valid. The adsorbed phase volume (Vad)
designates the volume where adsorptive molecules are “influenced predominantly” by
the adsorbent interaction potential. Near saturation, the characteristic decrease of the
excess isotherms has been related to the mass of gaseous hydrogen displaced by this
volume.31

It should be noted however, that is not the only possible reason for an observed
maximum in the excess capacity isotherm. It may also be caused by an error in the use
of helium to determine Vf if helium adsorption onto the sample is not taken into
account. This is illustrated in Figure 83 for low temperature measurements of hydrogen
adsorption on high-surface-area activated carbon fiber materials. In this example a 10%
increase in the apparent (temperature corrected) free volume Vf causes a significant
reduction and the appearance of a maximum in the excess capacity. While this effect
has been exaggerated in this example for illustrative purposes, errors in helium volume
calibrations at low temperatures due to helium adsorption are a real concern.

One simple way to test for such effects is to perform the same helium volume
measurement at low temperature on the sample to be tested and on a low surface area
material (example: glass or steel beads) having the same gas displacement volume (as
determined by known bulk density of the materials). A significant difference in
measured volumes would indicate significant helium adsorption by the high-surfacearea sample material.
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Figure 83. Illustration of the effect of error in the free volume determination on
surface excess hydrogen adsorption capacity measurements.
In a microporous material, the adsorbed phase volume (Vad) could be related to the
total pore volume if the pores are small enough that all gas in the pores experience van
der Waals attraction to the material at the same time (i.e. due to overlap of the
potential from opposite walls). The adsorbed phase density in Figure 81 is plotted in the
lower diagram as a function of distance from the sorbent surface. On the sorbent
surface the density is higher than that of the gas phase, and cannot be directly
measured. The quantities which are typically known before an experiment are the total
vessel volume (Vv) (or system vessel volume (Vempty vessel) in the case of an actual storage
tank), and the mass of the sorbent, mm. The quantities which are measured during a
typical capacity measurement experiment are the free gas volume Vf (to provide sample
skeletal volume Vsk = VV – Vf) the pressure (P) and temperature (T) of the bulk adsorptive
gas, and in the case of gravimetric measurements, the total mass of the adsorptive
system (mT), which is the mass of the sample plus adsorbed gas mT = mm + mad corrected
for buoyancy.
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1.4.1 Density of Porous Solids
A key aspect of being able to measure “excess adsorption capacity” through either
gravimetric or volumetric measurements is to be able to determine the skeletal density
of the physisorption material.136 This is typically done by helium pycnometetry. That is
helium at a measured pressure and temperature in a calibrated volume is released into
a sample vessel of a known empty volume and the pressure re-measured. The volume
of the sample vessel with the sample inside is determined from the resulting pressure.
The difference between the empty sample vessel volume and the measured volume
gives the skeletal volume of the sample and together with the samples mass, the
skeletal density of the porous material.
These measurements involve a few important assumptions: 1) that helium is accessible
to all the pores of the adsorbent, 2) that there is no significant helium adsorption under
the measuring conditions, 3) the equation of state and temperature distribution is
adequately accounted for in the gas mass balance determination and, 4) that there are
no impurities in the helium gas before or after exposure to the sample.
With respect to these assumptions it is generally held that pores which have a diameter
of less than 2.25 Å (the Lennard-Jones kinetic diameter) are not accessible to helium will
also not be accessible to hydrogen. It is also generally assumed in the literature that
helium at ambient conditions (near or below 1 bar and room temperature) will not be
adsorbed to the materials surface in any significant quantity.81
As shown later in Figure 87 the adsorption capacity is generally proportional to the pore
volume or more exactly the specific surface area of the material. Thus, measuring the
specific surface area of a sample material can provide much insight into the physical
chemical interpretation of hydrogen physisorption. Such measurements are also made
through gas adsorption studies. 137
It is useful when discussing the surface properties of solids having large specific surfaces,
to distinguish between the external and the internal surfaces. The external surface
includes all the protrusions and all cracks that are wider than they are deep. The internal
surface consists of the walls of all cracks, pores and cavities which are deeper than they
are wide. Despite being somewhat arbitrary, the distinction between an external and an
internal surface is useful in practice. A wide range of porous solids have an internal
surface greater by several orders of magnitude than the external surface. The total
surface of a solid thus being predominantly internal and for a given mass of solid, the
surface area is inversely proportional to the size of the constituent particles. 138,139
It is useful to have a good knowledge of the range of pore sizes in a porous solid. The
pore sizes in a porous solid must be of a suitable size to admit, hold, and discharge
individual gas molecules. If the pores are too small, the gas molecules can not enter. If
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they are too large, most of the molecules of gas in the pore behave as a gas under
pressure with rapid movement and molecular collisions. They are not packed as tightly
and bound to the surface in the adsorbent structure. 140
The individual pores may vary greatly both in size and in shape within a given solid and
between materials. The conventional classification for pore size has been defined by the
International Union of Pure and Applied Chemistry (IUPAC) and is summarized below.
The classification is arbitrary and was developed on the basis of the adsorption of
141
nitrogen at 77K on a wide range of porous solids. The basis of the classification is that
each of the size ranges corresponds to characteristic adsorption effects.
CLASSIFICATION OF PORES ACCORDING TO THEIR WIDTH 139
PORE TYPE
Micropores
Mesopores
Macropores

WIDTH
Less than ~ 20Å
Between ~ 20 and ~ 500 Å
More than ~ 500 Å

Porous materials may contain pores made up of highly regular structures or cracks,
crevices, and tortuous passageways. For all of these materials three distinctly different
types of density measurements are possible, one that includes and one that excludes
these pores. And a third definition that defines sample volume in terms of the volume of
a container into which a known quantity of material (powder or pieces) can be filled or
packed. This last density includes not only the pore spaces within the material but also
the spaces among the particles or pieces. The following is a summary of these three
different density definitions:
1. Skeletal density: also termed the absolute or true density, excludes both the
intraparticle spaces that may be in the particles and the interparticle spaces.
2. Apparent density: also termed as the envelop density, includes the intraparticle but
excludes interparticle spaces.
3. Packing density: also referred to as bulk density includes both intra- and interparticle
spaces.
Note that the term “bulk density” causes some confusion because it is variously used for
both apparent density and packing density. For example, the density obtained from
filling a container with the sample material and vibrating it to obtain near optimum
packing is also called “bulk density”.86 This would be what is referred to here as the
packing density. Similarly, X-ray density may be equivalent to skeletal density for porous
solid materials and apparent density for crystalline open framework materials.
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For reporting hydrogen storage capacity measurements, it is important to make clear
the distinction between the apparent density and skeletal density, which are different
for highly microporous materials. The apparent density includes both the volume
occupied by skeletal framework of the adsorbent and the pore volume:

Equation 65

ρA =

m
,
Vsk + V pore

where m is the mass of the adsorbent. The apparent density can be determined from
the slope of the helium buoyancy correction. For a crystalline sample, the apparent
density is the same as the crystallographic density. On the other hand, the skeletal
density does not include the pore volume:

Equation 66

ρ sk =

m
.
Vsk

These three different definitions of density use quite different equipment to be
measured. Helium can fill all open spaces including that of the pores of sizes as small as
0.3 nm. Therefore, the resulting density from using helium is the skeletal or absolute
density which is being ever more frequently referred to simply as the “helium density”.
Note however, that the assumptions listed above, in particular that helium does not
adsorb to the material during helium density measurements, are not always valid for
many high-surface-area materials.142 Because knowledge of the skeletal density of the
material is crucial to the accuracy of both gravimetric and volumetric measurements,
great care should be taken in the determination of the skeletal density of samples being
measured. This is discussed in more detail in sections 2.3.1.7 below.
The relationship between materials and system volumes can be expressed as follows:
Equation 67

Free Volume: Vf ≈ VHe

Equation 68

Vf = Vpore + Vvoid + Vempty vessel – Vpk

Equation 69

Vf = Vempty vessel – Vskeletal
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These different volumes as we have defined them here and the related densities are
represented schematically in Figure 84.

Figure 84. Volume and Density Definitions: Illustration of volume and density
definitions relevant to hydrogen storage capacities at a materials and systems
level.

1.4.2 Material Gibbs Surface Excess Adsorption Capacity
The “Gibbs surface excess capacity” is the term for adsorption amount, since it is the
quantity which is directly measured during a volumetric adsorption experiment. This is
the additional amount of adsorbate which is present on the adsorbent surface over and
above the density of the free gas phase. Note that although “excess” capacity is a term
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that is often used, it is not standard. Strictly speaking, the wording “capacity” does not
apply well to excess amounts adsorbed (as excess is, by definition, a fraction of a
capacity).
The excess amount is given by the cross-hatched area in Figure 81. The expression for
the Gibbs surface excess amount is,

Equation 70

mex = m* – ρg( Vf) = m* – ρg(VV – Vm)

Where m* is the total mass of hydrogen gas in the experimental vessel or system. The
Gibbs surface excess hydrogen mex is the quantity which is measured in a standard
volumetric measurement. To illustrate this, consider a single gas expansion step. An
initial dose of H2 in a reference vessel has a known mass, m* as determined by the
temperature, pressure of the gas and volume of the reference vessel. It is then
expanded into the sample vessel by opening a valve.
The total free volume (or “dead volume”) is given by Vf = VV – Vm , where Vm is the
sample volume determined initially from helium expansion measurements and VV again
is the total calibrated volume of the instrument. After the gas is dosed into the sample
vessel, one waits for the system to reach an equilibrium state, and then measure the
temperature and pressure of the free gas. The bulk gas density ρg (H2, p, T) is
determined using a real gas equation of state, and the excess adsorption amount is
calculated from Equation 70. The implicit assumption made here is that the bulk gas
phase extends to the surface of the adsorbent.
The “Gibbs surface excess capacity” is the standard expression for adsorption for
hydrogen capacity of physisorption storage materials

1.4.3 Material Maximum Excess Adsorption Capacity
The maximum capacity is a materials property that specifies the maximum amount of H2
that can be adsorbed by a material. The standard method of specifying H2 adsorption
capacity in the literature seems to be maximum adsorption amount at 77K.
Nevertheless hydrogen adsorption may continue to increase considerably below 77K as
shown in recent reports.143,32
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For supercritical H2, the maximum adsorption amount should correspond to H2
monolayer completion on the adsorbate surface. In theory, the same maximum should
be reached at all temperatures in the limit of high pressure. However, this is not the
case for micropores filling. Assumptions on physisorption are often misleading because
they are based on the Langmuir model, oversimplified, especially for microporous
systems. Micropores filling appears as a dominant mechanism for adsorption in many
porous materials. The Dubinin formalism makes provisions for adsorbed phase
expansion with temperature and energetic heterogeneity. Thus, the maximum amount
adsorbed in microporous materials corresponds to the entire filling of the adsorption
space. Temperature dependence of the adsorption capacity may occur as a result of
volumetric expansion of the adsorbed phase.143,144 In fact, the maximum H2 excess
adsorption amount decreases with temperature for most adsorbents (see Figure 85).
Zhou et al. observed an exponential decrease in the maximum adsorption amount with
temperature for activated carbons.161

Figure 85. High pressure H2 adsorption isotherms on the superactivated carbon
AX-21TM. 145
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Figure 86. Illustration of the shape of excess capacity curve and the point of
maximum excess capacity for physisorption material at 77K.
In supercritical H2 isotherms, there is often a point where the density of the free gas
phase begins to increase faster than the adsorbate density. In these conditions, high
density gas is being displaced by the nearly saturated adsorbed phase. This translates
into a maximum in the plot of surface excess amount versus pressure. This phenomenon
is represented schematically in Figure 86. The top row of the figure shows H2 molecules
in the gas phase (red) and in the adsorbed phase (blue and purple) close to the
adsorbate surface. Blue H2 molecules represent the excess hydrogen present due to
adsorption over-and-above that which would be present in the gas phase regardless of
physisorption (purple). The second row is a representation of the hydrogen density close
to the material surface. Again the hydrogen density is divided between “excess”
hydrogen (blue region), adsorbed hydrogen (vertical hatched region), adsorbed
hydrogen adsorption over-and-above that which would be present in the gas phase
regardless of physisorption (purple), and gas phase hydrogen (red). The bottom row
shows the “excess” hydrogen amount as a function of pressure. As the pressure is
increased (three columns from left to right) the excess hydrogen amount increases up to
a maximum until a point where the adsorbed hydrogen that would be present in the gas
phase regardless of adsorption overtakes the amount of excess hydrogen due to
physisorption.
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This effect is observed in the 77K measurement shown in Figure 85 where a maximum is
reached at about 35 bar. The schematic drawings of Figure 86 have been prepared to
illustrate this phenomenon. As the measured pressure (red data point in PCT isotherm
at bottom of each figure) increases (left to right, PL, PM and PH), the excess H2 capacity is
over-taken by the concentration of H2 in the gas phase. Thus, the Excess H2 capacity
reaches a maximum, typically at 30-40 bar at 77K, followed by a decreasing excess
capacity with increasing pressure.
1.4.4 Excess Hydrogen Adsorption Capacity and Surface Area
Another benchmark for the physisorption capacity of a material is the N2 BET surface
area. The maximum H2 adsorption at 77 K has been found to scale approximately
linearly with the N2 BET area in most adsorbents. However, the difference in the
molecular cross-section can yield to differences between the H2 and N2 capacity.

Figure 87. Data demonstrating the “Chahine Rule”; the excess H2 adsorption
capacity is linearly proportional to micropore volume.146
Page 215 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 3: Capacity Measurements

This relationship has been validated in the testing of a variety of microporous
adsorbents where it has been found that the excess hydrogen storage capacity scales
with the total micropore volume (and thus surface area) of the materials. 146 This
observation, shown in Figure 87, is known as the “Chahine Rule”. It implies that the
hydrogen storage capacity of physisorption materials is clearly optimized by increasing a
given materials surface area or pore volume.

1.4.5 Material Absolute Hydrogen Adsorption Capacity
In the field of hydrogen storage as well as gas sorption in general, there is a lot of
variation in terminology. In particular, between the terms “absolute adsorption
quantity” and “total adsorption quantity”. While these terms are often used
synonymously, we prefer to use the IUPAC term of “absolute adsorption” for the surface
adsorbed hydrogen and to reserve the term “total” for “total material hydrogen
capacity” and “total system hydrogen capacity” which both relate to hydrogen storage
capacities at an applications level.
The concept of “absolute adsorption quantity” is a conceptual construct based on the
hypothetical concept of a two dimensional surface layer of thickness d, in which
adsorbed gas resides. It is not a measurable quantity. By definition, the “absolute
adsorption quantity” is the total number of adsorptive molecules present within this
adsorbed phase volume Vad. Therefore; it includes all the molecules present in the space
in which the attractive field from the surface is effective. As the space Vad reaches
saturation, the absolute amount exhibits the characteristic plateau associated with most
adsorption models. In fact, the usual adsorption models, including the traditional
Dubinin-Astakhov and Langmuir models refer to the absolute amount. Consequently,
the relationship between absolute models and (excess) measurements is crucial for
scientific understanding and analysis of adsorption data, especially near saturation. The
absolute amount can reach considerably higher values than the excess amount. In that
connection, it can provide (alongside with total adsorption) a better assessment of the
performance of a microporous materials, especially if comparisons are to be made on
similar basis with other types of hydrogen storage materials. The schematic diagram of
Figure 81 is shown again below to help illustrate these three different hydrogen storage
capacity terms.
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Figure 88. Illustration of physisorption hydrogen storage material capacity
terminology.29
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In studies of H2 adsorption by highly porous materials,147,148 the absolute adsorption
amount can be related to excess measurements such as:

Equation 71

mad = mex + ρ gVad

where mex is the surface excess amount, ρg is the bulk gas density, and Va is the volume
of the adsorbed phase, as approximated from the saturation amount of the N2 isotherm
for example. Note that for a microporous material, the assumption can be made that
Vad ~Vpore i.e. the microporous volume corresponds essentially to the space where the
attractive potential from the surface is effective.31 The assumption in this case is that
the pore volume is small enough that all gas within the pores experience adsorption to
the material surface within the pores. This assumption may break down when the pore
radius falls in the mesopore range (r>2 nm).
Equation 71 must be considered when excess adsorption measurements are to be
modeled at high pressures and low temperatures.
The adsorbed phase volume can be measured near saturation and used to calculate
absolute isotherms. So, despite being difficult to measure as very low temperatures are
required, the absolute sorption isotherm can be a valid and important for evaluating
physisorption materials.
However, as mentioned above, the critical assumption for estimating the absolute
uptake is the thickness of the adsorption boundary layer. This thickness is dependent on
the assumed density of the physisorbed layer. Typically one defines an equivalent
“adsorbed hydrogen density” for a fixed thickness, rather than an “equivalent
adsorption” volume or “equivalent boundary layer thickness” at the ambient hydrogen
density. These terms are represented schematically in Figure 89. This convention is
commonly used because it is often assumed that the pore size in a micro-porous
material is equivalent to the adsorption volume. Or, stated another way, that all of the
hydrogen gas in the pores are physisorbed to the material surface. This is convenient
because the pore size distribution can be measure to some degree of accuracy using
mercury intrusion porosimetry or gas sorption analysis. Unfortunately, assuming that
the pore size is equivalent to the adsorption volume is a rather arbitrary and often
inaccurate assumption.
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Figure 89. Illustration of the conversion of adsorbed gas density to an
equivalent “Adsorption Volume” or equivalent boundary layer thickness.
Conversely, using the method of choosing an assumed adsorbed hydrogen density to
determine the adsorption volume is also not without the possibility of producing
significant errors. For example, assuming an adsorption density equal to that of liquid
H2, produces a small adsorption boundary layer thickness value (d) and in most cases
will underestimate the absolute hydrogen uptake. As you reduce the assumed density of
the adsorbed hydrogen the boundary layer will increase. Obviously one can get to a
point where too low an assumed hydrogen density will give you a boundary layer that is
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much greater than it should be and will overestimate the absolute hydrogen uptake.
This
concept
is
shown
schematically
in

Figure 90 below.
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Figure 90. Illustration of the dependence of physisorbed hydrogen.
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1.4.6 Material Total Hydrogen Adsorption Capacity
The total material storage capacity, however, is the sum of the capacity due to
adsorption on the surface and the capacity due to compression within the space of the
pores of the adsorbent. The total material capacity is useful in comparing physisorption
materials with the other classes of materials in that it compares the total amount of
hydrogen actually stored within the apparent volume of the materials. Thus, this
measure of capacity is equivalent regardless of whether the hydrogen is absorbed in the
bulk, adsorbed to the surface or present as a gas within the pores of a material.
The various “Materials” capacity definitions for porous materials are depicted
schematically in Figure 91 below.

Figure 91. Porous Materials Capacity Definitions: Illustration of the “Excess H2
Storage Capacity”, “Absolute H2 Storage Capacity” and “Total H2 Storage
Capacity” at a materials level.
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An example of an evaluation of excess and total hydrogen capacity is given in the
following excerpt on hydrogen uptake measurements in porous media (MOFs) by Dinca
et al.148 Here the term “bulk density” is synonymous with what we refer to as “apparent
density”.

“The volume of the sample holder and the connecting gas manifold was previously
determined using H2 and He at 298 K and at 77 K. Hydrogen was used to
determine the free-space volume correction for a nonporous sample of known
volume; this correction accounted for the change in effective sample volume
observed when cooling the sample holder from room temperature to 77 K. The
adsorbent was then introduced into the sample holder, and He gas was used to
determine the volume of the sample at room temperature. Since He gas
penetrates the pores of the sample without being adsorbed onto the surface, the
volume measured with He corresponds to the volume of the framework walls, also
referred to as the framework skeleton. Consequently, the skeletal density of the
material, dsk, can be obtained from the following expression:
dsk m/Vsk
Here, m is the sample mass expressed in g, and Vsk is the sample volume in cm3, as
determined using He expansion at room temperature. In order to obtain an
accurate assessment of the value of the skeletal density, the volume of the sample,
Vsk, was measured 20 times, and the average of these was used as the final value.
Excess adsorption is defined as the amount of gas taken up by the surface of a
porous adsorbent above and beyond the quantity of gas that would have occupied
the adsorbent pore volume under the same temperature and pressure conditions
in the absence of an adsorbent. The total storage capacity, however, is the sum of
the capacity due to adsorption on the surface and the capacity due to compression
within the space of the pores of the adsorbent. The total adsorption capacity can
therefore be expressed as follows:

Here, Ctot is the total adsorption capacity expressed in weight percent (wt.%), Cexc
is the excess adsorption in wt.% and is the quantity being measured, dg is the
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density of the compressed gas (here H2) at a given temperature and pressure in
g/cm3, and Vpore is the specific pore volume in cm3/g. In the equation above, the
second term of the sum on the right-hand side represents the contribution of the
compressed H2 inside the pores to the total adsorption. Note that the denominator
must contain the term dgVpore for the capacity to be expressed in units of wt.%.
Omitting this term would correspond to units of grams of H2 adsorbed per 100 g of
adsorbent, and not to wt % of H2 adsorbed. The compressed gas density, dg, is the
density of H2 gas as a function of pressure at a given temperature. In the current
experiments, the software package GasPak (v. 3.41) was used to plot the density of
H2 at 77 K as a function of pressure. If the bulk density of the sample, dbulk, is
known, the specific pore volume can then be calculated as follows:

The volumetric density of H2 adsorbed inside the sample can be obtained simply
by multiplying the adsorbed quantity with the bulk density of the sample, dbulk.

Here, Cvol is the volumetric H2 capacity expressed in g/L, and Qads is the total
quantity of H2 taken up in mmol/g. The excess quantity of H2 adsorbed may
instead be used in this equation if “excess” volumetric capacity is the desired
148
quantity.

The results of this evaluation are shown in Figure 92 for the measurements of hydrogen
uptake by two different metal-organic-framework materials. Where:
1′: [Mn-(DMF)6]3[(Mn4Cl)3(BTT)8(DMF)12]2 is the partially desolvated form of:
1: [Mn(DMF)6]3[(Mn4Cl)3(BTT)8(H2O)12]2•42DMF•11H2O•20CH3OH.
1m′: Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2 the desolvated form of
1m: [Mn(CH3OH)6]3[(Mn4Cl)3(BTT)8(CH3OH)12]2•42CH3OH.
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Figure 92. H2 adsorption isotherms (a) below 1.2 bar and (b) up to 90 bar
within the MOFs 1’ (red) and 1m’ (blue) at 77 K, and within 1m’ at 298 K
(green). Triangles and circles represent excess and total material H2
adsorption, respectively, while filled and open symbols represent adsorption
and desorption data, respectively.148
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1.4.7 Physisorption Materials: Usable Hydrogen Capacity
The DOE has set the target minimum supply pressure for a storage system at 3 atm. It is
useful to introduce the concept of usable capacity (see Figure 93). This refers to amount
of H2 that can be desorbed at pressures between 3 and 100 atm. Therefore, the usable
capacity is given by the difference between the maximum excess adsorption amount
and the equilibrium excess adsorption amount at 3 atm. Once again, the usable capacity
will depend on temperature although in this case there is precedent for using 77 K as
the standard temperature. This measure also depends on the shape of the isotherm.

Figure 93. Illustration of the “usable capacity” above 3 atm pressure.

1.4.8 Material Gravimetric and Volumetric Hydrogen Densities
For applications it is not only the material gravimetric hydrogen densities that is
important but also the volumetric hydrogen density. Calculating the maximum
gravimetric density is straightforward, as it is simply the mass percent of the maximum
H2 excess adsorption amount at the storage temperature T (typically 77K) relative to the
mass of the adsorbent,
Equation 72

max
(T, H 2 )
mex
Max Gravimetric density = s
× 100.
max
m + mex (T , H 2 )
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To determine the material volumetric density, the density of the adsorbent must be
known. The skeletal density and apparent density were described earlier in the section
1.4.1 on helium density measurements.
To calculate the material volumetric capacity, it is conventional to use the apparent
density to convert from a mass-mass ratio mg g-1 to a mass-volume ratio g L-1,
Equation 73

max
mex
(T, H 2 )
Max Volumetric density =
s
m / ρA

1.4.9 Reversible Physisorption
Physisorption, by definition, is always reversible. The interaction energies responsible
for H2 physisorption are typically on the same order as the thermal kinetic energies of
the H2 molecules, so only a negligible fraction of adsorption sites are occupied at
ambient conditions. The physisorbed H2 molecules do not dissociate or form chemical
bonds. Therefore, all of the adsorbed molecules can be recovered by decreasing the
pressure or raising the temperature. If a minimum operating pressure or maximum
operating temperature is present, however, then only a fraction of the adsorbed phase
will be desorbed. This leads to the concept of usable capacity defined earlier.
1.4.10 Kinetically Limited Physisorption
Hydrogen adsorption occurs rapidly for most sorbent systems. However, the adsorbed
hydrogen diffuses within the pore network of the adsorbent, and therefore reaching a
true equilibrium state can require an indefinite amount of time. “Technical equilibrium”
can therefore be defined as a state where the change in adsorbate mass, as a fraction of
the total adsorbate mass, is less than a specific value ε (for example, ε = 1e-5).
1.4.11 System-Level Hydrogen Storage Capacity
At a hydrogen storage systems level, one would like to measure the total quantity of
hydrogen contained in the storage vessel. This amount includes both the hydrogen that
fills the free volume of the vessel and the hydrogen that is bound on the adsorbent. This
number is influenced by both the entire system volume (including all ancillary devices
needed to operate the storage system) and the sorption properties of the adsorbent.
Thus, it is highly dependent on storage system design which in-turn is highly dependent
on the particular storage material it incorporates. For the purpose of this total system
capacity section we represent such a system simply as an external volume with an
internal volume that contains a storage (in this case physisorption) material. This is
shown schematically in Figure 94.
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Figure 94. Simplified representation a physisorption material hydrogen storage
system.

The amount of total hydrogen stored in the system depends, therefore, on the
temperature, pressure and available free gas volume of the system as well as the extent
of the sorbent’s adsorption boundary layer. Hydrogen in a system can be found inside
and outside the macroscopic boundaries of the storage material, especially in porous
media. The pore volume of porous materials (representing the collective pore network)
can contain both free hydrogen gas and hydrogen adsorbed to the internal microscopic
surface area of the pores.
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Figure 95. Simplified diagram of a porous material. The outermost boundary
represents the free gas volume of the hydrogen storage system; the central
pore volume represents the collective accessible pore network.

Figure 95 illustrates the various components and regions of a hydrogen storage system.
Hydrogen is stored as a free gas in the void volume inside the material and in the
unoccupied volume of the storage system. It is also stored as adsorbed hydrogen
(absolute material capacity) in the physisorption boundary layers of the pores and
surface of the sorbent material. For porous materials, the amount of hydrogen stored in
the adsorbed boundary layer inside the pore volume and on the exterior material
surface combined with the non-physisorbed gas in the pore volume is termed the total
material hydrogen storage capacity. The total system capacity includes the total
material capacity as well as gaseous hydrogen in the unoccupied free volume of the
storage system.
Thus, hydrogen storage capacity at a systems level can be broken down into the
separate components of how and where hydrogen is stored in a physisorption system.
Each component of the total hydrogen stored depends directly on the measurement
and reporting of capacity. This is shown schematically in Figure 96.
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Figure 96. A breakdown of the separate components of the hydrogen storage
system capacity for physisorption materials.
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In the first column is a pictorial representation of the hydrogen storage system
composed of a tank (including heat transfer and control systems), the physisorption
materials, and free gas space within the tank and in the porous materials. The second
column indicates which component of the total stored hydrogen is being accounted for
and the relationship of the hydrogen to the surface of the adsorbent material. The third
column depicts the portion of the total hydrogen capacity curve versus gas pressure
attributable to each particular stored hydrogen component.
The first three rows show the components of stored hydrogen on a materials basis:
Excess Capacity, Absolute Capacity, and Total Material Capacity. Again, Excess Capacity
(on a mass basis) and Total Material Capacity (on a volume basis) are the most useful for
determining the amount of hydrogen that can be practically stored by the material
itself. This is followed by the free gas space of within the storage system (gas volume
within the materials and in the empty space within the storage vessel. This is usually
measured by filling the system with helium from a calibrated volume and noting the
change in pressure. The forth row is the total quantity of stored hydrogen within the
physisorption storage system at any given pressure and one temperature (isothermal).
The fifth, and final, row depicts the amount of hydrogen that could be stored in the
vessel under the same pressure and temperature conditions in the absence of any
sorbent material. Obviously, the physisorption material storage system is only viable if
the total system stored hydrogen (row 4) is significantly greater than the vessel only
stored hydrogen (row 5).
A simple example used by Bhatia and Myers provides a good explanation of the
relationship between system excess hydrogen capacity Nex, system absolute adsorb
hydrogen capacity Nad, and the hydrogen gas stored in the free volume of the storage
149
system Nf (illustrated in Figure 97). The amount of gas adsorbed at the surface of a
material Nad increases and then saturates as given by a Langmuir adsorption isotherm:
Equation 74

Nad = NmaxKP/(1+KP)

Where Na is the moles of adsorbed gas, Nmax is the maximum moles of adsorbed gas at
saturation, K is the equilibrium gas constant and P is pressure. The amount of gas Nf in
the free volume (Vf) of the adsorbent system increases linearly with pressure P given by
the ideal gas equation:
Equation 75

Nf = PVf/RT

Where Vf is the gas volume, R is the gas constant and T is temperature. The excess is
given as the difference between these two quantities.
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The adsorption equilibrium constant K depends exponentially on temperature according
to:
Equation 76

K = exp(Sad/R‐Had/RT)

Where S is the entropy and H the enthalpy of adsorption. The result is that the amount
of adsorbed gas versus pressure saturates at very low pressure as the temperature is
decreased. On-the-other-hand, the volume contribution changes linearly with
temperature. This results in saturation of adsorption at low P at low T causing a
maximum in the excess capacity at a moderately low pressure, while at higher T the
maximum is shifted to higher pressure.
Thus, it is key to identify the temperature where the maximum excess hydrogen can be
stored for a given upper pressure limit of a storage system.

Figure 97. Schematic plot of different components of adsorbed gas as a
function of pressure (N=moles gas, Blue Nad = absolute adsorbed gas (e.g.
Langmuir model), Red Nf = gas in the free volume of the material storage
system, Green Nex = excess adsorbed gas). 150
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With this in mind, there will always be a point of diminishing returns for physisorption
hydrogen storage systems as the pressure is increased to very high pressures, in which
more hydrogen would be stored in a given vessel (Vf = Vv) by removing the adsorption
material. That is more hydrogen could be stored as a gas at a certain high pressure in
the volume (Vsk) occupied by the adsorption material itself than is stored as excess
adsorbed hydrogen by physisorption to the adsorption material. An example of this is
presented in the section 1.4.11 below on modeling of a hydrogen storage system using
high-surface-area activated carbon.
A very nice example of the advanced modeling of the system storage capacity as a
function of pressure and temperature was recently submitted publication by M.-A.
Richard et. al. The model for the material sorption capacity they used was the modified
151
Dubinin-Astakhov micropore filling model given by;

Equation 77
where, T and P are the temperature and the pressure, R is the universal gas constant,
the parameter nmax is the limiting adsorption in mol kg-1 and the parameter P0 is the
pressure corresponding to the limiting adsorption (no longer the saturation pressure
since it is applied in the supercritical region).
They validated their model by comparing calculated results with experimental capacity
measurements performed on samples of high-surface area activated carbon samples of
Maxsorb MSC-30™ (~ 3000 m2g-1) obtained from Kansai Coke and Chemical Co. Ltd.
Using this model, they determine the net hydrogen storage densities in a 150 L tank
containing 40.5 kg of Maxsorb MSC-30™ for different temperatures (60 to 298 K), and
pressure up to 35 MPa. The amount of hydrogen in the tank was calculated using:

Equation 78
where Vtank is the volume of the tank (0.15 m3), ρc,bulk is the apparent or bulk density of
the activated carbon (270 kg m-3), M is the molar mass of hydrogen and na, the absolute
amount of hydrogen adsorbed in Maxsorb MSC-30™ obtained from Equation 78 and
expressed in mol kg-1. The molar density of hydrogen, [mol m-3], at a specified
temperature and pressure was obtained using the modified Benedict-Webb-Rubin
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(MBWR) equation of state implemented within the NIST 12 Standard database tables.76
At a minimum discharge pressure of 0.25 MPa, a non-negligible quantity of residual
hydrogen remains in tank at low temperature. For instance, at 77 K the residual mass of
hydrogen was about 1.36 kg. The net hydrogen storage capacity of the system at a
particular temperature, also called delivery, was calculated by deducting this residual
hydrogen. The net isothermal storage capacity in the 150 L activated carbon tank, i.e.
the storage capacity calculated while assuming that the temperature remains constant
during discharge, is presented in Figure 98. The equivalent gravimetric hydrogen storage
density of the material is shown along the right hand y-axis. The thick black line
represents the break even curve where a cryogenic compressed gas 150 L tank at the
specified pressure and temperature results in the same storage capacity. It shows that,
with a target of 5 kg of hydrogen stored, the capacity advantage of adsorption-based
storage over cryogenic compressed gas is small and even disappears below 93 K.

Figure 98. Isothermal net H2 storage capacity of a 150 L tank filled with
Maxsorb MSC-30TM activated carbon (heating up to initial temperature for
discharge, outlet pressure 0.25 MPa). The “break even curve” (where a
cryogenic compressed gas at the specified pressure and temperature would
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result in the same storage capacity) and the amount of gas stored by
compression at 35 and 70 MPa at room temperature is also presented.131
In their paper, M. A. Richard et. al. pointed out that, although the storage capacity is
often calculated assuming isothermal discharge, it is important to note that the tank
temperature is likely to vary during discharge. Since desorption is endothermic, the
temperature will decrease if the tank is adiabatically discharged. Heating, supplied by
either heat leaks or a heating system, is necessary to keep the temperature constant.
From a net storage capacity point of view, it would be much more interesting to further
heat the tank to reduce the residual hydrogen at 0.25 MPa. In the 150 L tank, the
residual mass at this pressure drops from 1.36 kg at 77 K to, respectively, 0.75, 0.23,
0.09 and 0.03 kg at 100, 150, 200, and 298 K. A temperature of about 200 K is sufficient
to discharge most of the hydrogen. The storage capacity of a system with a final
discharge temperature of 298 K is shown in Figure 99.

Figure 99. Calculated Net H2 storage capacity of same 150 L tank as in Figure 98
heating to 298 K for discharge, with an outlet pressure 0.25 MPa. The heating
advantage with respect to the “break even curve” can be seen. Room
temperature compressed gas at 35 and 70 MPa also noted.131
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The target of 5 kg of stored hydrogen can be reach at a much lower filling pressure. It
can be seen that below 15 MPa, the net 5 kg target is reached below 113 K. The lower
the temperature, higher is the hydrogen storage. Through this analysis, M. A. Richard et.
al. found that, with heating, adsorption-based storage provides a larger capacity than
cryogenic compressed gas.
The materials ability to greatly improve the storage capacity depends (among other
things) on both the material’s excess storage capacity and the extent to which the
material efficiently fills the space within the storage vessel. These two, sometimes
competing, effects are depicted in the drawings of Figure 100. The figure shows the
typical case of a moderately dense, high-surface-area material with a corresponding
moderate amount of stored hydrogen. The second case portrays a physisorption
material with a low surface area to bulk ratio. The third case depicts the other worst
case scenario of a high-surface-area material a low apparent density or packing density.
The final figure shows the optimal material which will have a high-surface-area material
with a reasonably high packing density.

Figure 100. Representation of different physisorption system hydrogen storage
capacity scenarios.
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1.5 On-board Reversible Hydride Materials
Capacity measurements are most often presented in the form of Pressure-Composition
Isotherm (PCT) plots. The plateau pressure at which hydriding occurs material is
material-specific and is based on intrinsic thermodynamic equilibrium properties.
Unfortunately PCT data must be treated with care because it is difficult to make true
equilibrium measurements as reactions near equilibrium proceed extremely slowly.
In this sense there is some difference between metal-hydride and complex-hydride (or
chemical-hydride) systems. Complex-hydride systems often involve chemical
decomposition-recombination reactions involving hydrogen and one or more of the
material’s constituent elements or compounds. In this case, all of the hydrogen is bound
or released in a reaction that occurs (thermodynamically) at a given combination of
pressure and temperature. No extra hydrogen is stored between reactions. In PCT
measurements, this is observed as a discrete jump in pressure between plateau
pressures.
At the other extreme are the disordered alloy hydrides, amorphous hydrides, and
quasicrystal hydrides. In these materials, hydrogen binding sites have an unlimited
range of nearest and next-nearest neighbor combinations such that interstitial sites
exist of hydrogen over a wide and homogeneously distributed range of binding energies.
The end result is that these materials do not have flat pressure plateaus, but rather
exhibit monotonically increasing hydrogen capacity with increasing pressure.
In between the two extremes, stochiometric metal-hydrides exhibit flat plateau
pressures, but also some small amount of hydrogen is stored as a solid solution below
the hydride plateau. This hydrogen would be released if the pressure dropped below the
plateau or minimum fuel cell operating pressure. However, typically less than 10% of
the stored hydrogen is found in this solid solution phase.
1.5.1 Reversible and Usable Hydrogen Capacity
Figure 101 shows two extreme examples of PCT measurements and the resulting
reversible and usable capacities. Figure 93a represents the ideal case with a flat plateau,
as is often seen in AB5 materials such as LaNi5. If the plateau region falls within the
useful pressure range for the system, then the usable capacity will be close to the
reversible capacity. Figure 93b shows the opposite extreme of a material with a severely
sloping plateau. This behavior is often seen in AB2 materials and can result in a usable
capacity that is significantly lower than the reversible capacity.
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Figure 101. Pressure versus concentration isotherms (PCT plots) for a) an
idealized material with a flat plateau, commonly seen in AB5 materials and b) a
real material with a largely sloping plateau, as is often seen in AB2 materials.
The reversible and usable capacity is shown on each plot to demonstrate the
potential effects of a sloping plateau.
Some materials have multiple dissociation steps, and therefore have multiple plateaus
in a PCT plot. One of the most studied examples of this is sodium alanate, NaAlH4, which
decomposes in 2 steps to NaH, Al and H2 gas via the following reactions:
Equation 79

3 NaAlH 4 → Na3 AlH 6 + 2 Al + 3H 2

Equation 80

Na3 AlH 6 → 3 NaH + Al + 3 H 2
2

A third dissociation reaction is possible for NaH, but it is generally considered
impractical as it normally occurs only at much higher temperature.
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It is also possible to have multiple plateaus due to a mixture of materials. Ivanov et al.
conducted PCT measurements on samples of Mg and Co that had been ball-milled in a
2:1 atomic ratio and then hydrided. The desorption isotherms were measured and are
shown in Figure 102. Each plateau corresponds to a different alloy formed during the
ball milling and hydriding. Based on enthalpy of formation calculations, the top plateau
is likely the result of unalloyed MgH2, while the bottom and middle plateaus are
assigned to Mg2CoH5 and Mg3CoH5 respectively. 152 It is clear from Figure 102 that not
all of the pressure plateaus for a given material or mixture will fall within the desired
pressure range at a given temperature. This is another example of a case where the
usable capacity could be significantly less than the reversible capacity.

Figure 102. Desorption isotherms of the Mg-Co-H system demonstrating
multiple plateaus, each representing a different dissociation reaction.
Since PCT measurements assume equilibrium, no information on kinetics is available
and it is impossible to determine if the required fuel supply rates can be achieved at
these temperatures and pressures. This information would be necessary to determine
the actual amount of hydrogen available to a fuel cell in a real application. The dynamic
availability of capacity is dependent on kinetics and is considered a separate
measurement and optimization problem from equilibrium capacity.
PCT capacity measurements are one of the primary tools in evaluating a material’s
potential for utilization in the hydrogen storage space. Capacity is typically the first
property measured during evaluation of possible storage materials because it is often
the least mutable; most research begins with materials that exhibit high storage
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capacity and subsequently tries to improve their kinetic and thermodynamic properties
via catalysis etc. The excessive focus on capacity is sometimes misguided however. Most
hydrogen storage research is conducted with hope of reaching the US DOE on-board
hydrogen storage system performance targets; these targets mimic the performance of
gasoline-powered internal combustion engines and are quite demanding. 153 If no
material is found that meets all of the US DOE targets, what property targets can be
compromised? Some end-users might prefer a car that has a 140-mile range and ‘fills
up’ in 5 minutes instead of one with a 300-mile range but takes 45 minutes to charge.
1.5.2 System-Level Hydrogen Capacity
It is necessary to include system level considerations in the final design for hydride
materials. The concerns are similar to those presented in section 1.4.10 on
physisorption materials, such as the need to include the support structure and ancillary
device volumes and weight in addition to that of the sample. A schematic of a
representative hydride storage system is shown in Figure 103.

Figure 103. Simplified representation of a Hydride Hydrogen Storage System
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One additional consideration of interest for hydride systems is the lattice expansion of
the material upon hydrogen absorption. This expansion is often on the order of 30% and
must be accommodated by an equivalent amount of free volume in the system design.
The ideal material would have a large storage capacity with minimal lattice expansion.
However, the sample volume increase is often correlated with increasing hydrogen
content in the sample.
Figure 104 represents some possible scenarios. The first image shows a reasonable
storage capacity and a normal lattice expansion of roughly 30%. The second image is of
a worst case scenario where a material with a reasonable storage capacity has such a
large lattice expansion upon hydrogenation that most of the system must be free (dead)
space. The third image shows another worst case scenario of a material with minimal
lattice expansion, but with a low storage capacity. The last image shows the ideal case
of a material with a high storage capacity and a small lattice expansion.

Figure 104. Representation of different hydride systems hydrogen storage
capacity scenarios
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1.6 Off-board Regenerable Hydride Materials
Chemical hydrides such as ammonia borane and N-ethyl carbazole contain large
amounts of hydrogen bonded to lighter elements such as B, C or N. In general, hydrogen
release from these materials proceeds in a stepwise manner, as discreet chemical
intermediates are formed at each stage of dehydrogenation. For example, ammonia
borane contains about 19 wt% hydrogen. It loses this hydrogen in a three step process
during thermolysis (Equation 81 - Equation 84). The first step which proceeds at
temperatures ranging from 70-120°C results in a 6.5 wt.% loss of hydrogen. The second
step corresponds to 6.5-9 wt.% hydrogen which is released at temperature in the range
of 120-160°C. Further heating at 160°C or even up to temperatures of 500°C or higher
results in almost no hydrogen release. This hydrogen is about 3 wt.% of the parent
compound and bonded strongly to a polymeric BNHx material.
Equation 81

nNH3BH3 → (NH2BH2)n + (n-1)H2 (<120oC) (intermolecular)

Equation 82

(NH2BH2)n → (NHBH)n + H2 (120 - 160oC) (intramolecular)

Equation 83

2(NHBH)n → (NHB-NBH)n + H2 (>160oC) (cross linking)

Equation 84

(NHBH)n → BN + H2 (160 - 500oC) (boron nitride)

The first three steps correspond to usable hydrogen capacity of ammonia borane while
the hydrogen released during step 4 requires relatively high and unpractical
temperatures. Thus, the fourth step is not typically used for predicting the usable
hydrogen capacity. However, this hydrogen still contributes to the total hydrogen
content of the system and points to the difference between the “Usable Capacity” and
“Hydrogen Content” for chemical hydrides. Several variants for release of hydrogen
from ammonia borane have been actively explored, including the catalytic release, and
additive-induced release of hydrogen from these materials. The added mass of a
catalyst or additive must be accounted for in the useable hydrogen weight.
As another example, N-ethyl carbazole contains more than 10 wt.% hydrogen however
only 6.2 wt.% of hydrogen (based on the pure compound) is accessible for release under
practical conditions; release above this amount leads to irreversibility. N-ethyl carbazole
and other derivatives release hydrogen endothermically, and depend extensively on
aromatic stabilization energies and catalysis to drive the reaction forward. Again, the
mass of the catalyst must also be accounted for in the useable hydrogen capacity.
Hydrolysis or solvolysis reactions in compounds such as NaBH4 or NH3BH3 have been
explored. However, severe limitations exist due to the amount of solvent (water or
alcohols) that is needed for the reactions, which must be included and ultimately
reduces the overall usable hydrogen capacity.
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1.7 US DOE Hydrogen Storage Capacity Targets
The US Department of Energy Hydrogen Storage Program set technical targets for the
properties that an onboard hydrogen storage system will have to have to be considered
viable for use with a Hydrogen Fuel Cell Vehicle. The targets are based on the
requirement of an on-board hydrogen storage in the range of approximately 5–13 kg to
enable a driving range of greater than 300 miles for the full platform of light-duty
automotive vehicles using fuel cell power plants. From an applications perspective,
these targets define some of the critical properties that researchers must be able to
accurately measure for a material to be evaluated with respect its ability to meet the
program goals. It is important to note that the targets are defined on a “System” basis
and not on a materials only basis. The storage system includes interfaces with the
refueling infrastructure, safety features, the storage vessel itself, all storage medium
including catalysts or additives, any required insulation or shielding, all necessary
temperature/humidity management equipment, any regulators, electronic controllers,
and sensors, all on-board conditioning equipment necessary to store the hydrogen
(compressors, pumps, filters, etc.), as well as mounting hardware and delivery piping.
The original system capacity targets set by the US DOE to be achieved by 2010 and 2015,
respectively, are summarized in Table 9.
Capacity Type
2010 Targets 2015 Targets
Gravimetric, system (kg H2 / kg system)
6.0
9.0
Gravimetric, material (kg H2 / kg system)
12.0
18.0
Volumetric, system (kg H2 / L system)
0.045
0.080
Volumetric, material (kg H2 / L system)
0.090
0.160
Table 9. Summary of the original US Department of Energy capacity targets.
The material capacities are assumed to be 2 times larger than the system
capacities. 154
These were modified in February 2009 and the new US DOE are shown below in
Table 10.
Capacity Type
2010 Targets 2015 Targets
Gravimetric, system (kg H2 / kg system)
4.5
5.5
Gravimetric, material (kg H2 / kg system)
9.0
11.0
Volumetric, system (kg H2 / L system)
0.028
0.040
Volumetric, material (kg H2 / L system)
0.056
0.080
Table 10. Summary of revised US Department of Energy capacity targets.154,155
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We have added material capacities based on a rough assumption that the material
capacities will be required to be 2.0 times larger than the equivalent system gravimetric
capacities, in order to compensate for the weight penalties introduced by the storage
container. This of course, will vary significantly depending on the material and system
design. The system volumetric capacity includes a 20% penalty for storage systems that
are not conformable to geometry of conventional gasoline tanks.154 Again, we have used
a rough 2 times factor to arrive at a materials basis volumetric capacity.
Please refer to the following document for more detail on the US DOE Targets for onboard hydrogen storage systems
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/freedomcar_targets_explanations.pdf

The hydrogen storage material capacities of current state of the art materials as of mid2008 are presented in Figure 105 and Figure 106 below. Note that no material meets
the DOE gravimetric or volumetric system capacity targets.

Figure 105. Current state of the art, material hydrogen capacity vs.
temperature. 156
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Figure 106. Current state of the art, system gravimetric vs. system volumetric
capacities and target.156

2 Experimental and Analysis Considerations
While the measurement of the hydrogen storage capacity of a material would seem to
be a straight forward endeavor, there are many issues associated with both the
experimental methods and evaluation of data which can have a very large effect on the
final result. In the following sections the most important of these considerations will be
presented with examples to help avoid the common pitfalls in measurements of
capacity.
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2.1 Matching an Experiment to the Purpose of a Measurement
As with kinetics measurements, the methods and equipment used to measure hydrogen
capacity depend to a great extent on the purpose of the measurement. That is, are the
measurements being performed to determine capacity at a system performance,
materials development, or fundamental science level? Experimental setup and analysis
are discussed below in the context of these three broad classes of the purpose of a
measurement.

2.1.1 Experiments for System Performance
To gain useful system performance information, enough material should be tested to
provide results representative of the material’s behavior in a full-sized operating storage
system. In general, this means between 10 grams and 1 kilogram of storage material.
100 grams is a good tradeoff between the practical issues of synthesis and handling of
the materials and a characteristic, uninterrupted volume of material that would be
found in a large-scale system.
If the hydrogen storage capacity of a system is high enough it may be possible to weigh
the system before and after charging or discharging on an accurate balance to be able to
determine the system hydrogen storage capacity.
If the material performance is already fairly well characterized such that the range of
hydrogen desorption and/or absorption rates of the material are known and the identity
and quantity of impurities has been identified, it may be possible to use flow meters
covering these ranges. By measuring the flow rates with respect to time, the cumulative
hydrogen released or absorbed can be calculated at a given time, and the total capacity
can be determined. However, with the exception of Coriolis-based flow measurement
devices which maintain accuracy over two decades of response, conventional flow
meters generally have fairly narrow dynamic measurement ranges (often less than one
decade). This is a severe limitation when sorption/desorption rates may vary over
several orders of magnitude depending on state of charge, temperature and pressure;
and especially on the material itself.
For capacity only measurements, a flow controller can be used to determine the total
system capacity. One will not necessarily be able to extract rate information, but as long
as the material can absorb or desorb at rates greater than the flow controllers maximum
setting, the rate should be steady and provide a good measure of the total absorbed or
desorbed capacity. A consideration, however, is that the operation of the flow controller
may be affected by or limited by the pressure differential, and any potential impurities.
The pressure in the hydrogen storage bed will be a function of the thermodynamics of
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the material, the temperature and the rate of gas flow into or out of the bed. A missmatch between the flow controller’s rate setting and the materials rate of absorption or
desorption will cause a change of pressure that will in turn effect material rates. This
may lead to pressures that are too high for the system or instrumentation or a flow
situation that is difficult to control. Using a flow meter and pressure regulator, the
system will generally find an equilibrium between flow rate and bed pressure that is
hopefully within the flow meter’s measurable range.
If it is the capacity and not necessarily rates that one wishes to determine then the
volumetric approach (PCT measurement) using a large calibrated dosing volume, and
multiple doses, will work fine and be quite accurate. Given a scaled-up system
containing a relatively small sample (50-100 grams) and a large enough calibrated
volume, it is feasible to make single dose measurements that provide rate information
as well as total capacity.
One example of scale up measurements are the experiments performed by Gary
Sandrock on Ti-doped alanates.122 A scaled-up test bed was constructed, to evaluate the
engineering properties of the alanate material on a scale that would represent the
material behavior in real-world applications. The bed was loaded with 72 g of 4 mol%
TiCl3 catalyzed NaAlH4 and consisted of a 24.5 cm long stainless steel tube 3.17 cm
diameter by 0.21 cm wall thickness (Figure 107). These dimensions are perhaps typical
of one element one might find in practical vehicular-sized storage system. The intent
was to study rate behavior and to model same from combined kinetics and heat transfer
points of view. For that reason, two axial thermocouple wells were included (one
centerline and one at the half-radius). Thermocouples were placed at top, middle and
bottom in each well, and also at equivalent places on the outside diameter (total of nine
measuring thermocouples). The instrumented reactor, wrapped with electrical heating
tape, was evaluated a large reservoir volumetric apparatus. It was designed for isobaric
charging, followed by non-isobaric discharging into a large calibrated volume.
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Figure 107. Image of scaled up Alanate test bed with a series of internal and
external thermocouples.122
Charging runs on the test bed were done at 125
˚C with 60, 75 and 90 atm applied
hydrogen pressure. Discharging runs were performed at 80, 100, 125 and 150
˚C. The
100˚C discharge curve is shown in Figure 108. The capacity appears to level off at 2.2
wt.% after 3 hours. However, this represents only the decomposition of the NaAlH4
phase (first step). The decomposition of Na3AlH6 (second step) is present but is a much
slower process at 100˚C. The temperature was then increased to 150˚C to complete the
Na3AlH6 decomposition.
Note that addition applications relevant information was taken from the marks placed
on the reactor (Figure 107). These were used as reference points to determine if any
expansion deformation of the test bed took place during the cycling. No measurable
deformation was found.
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Figure 108. Third hydrogen desorption from scaled-up test bed (capacity on a
materials only basis).122
These experiments not only provide a good example of a typical experimental setup for
examining material properties on a scaled-up system performance level, but also
demonstrate how capacity measurements are effected by rates of absorption and
desorption which are in turn dependent on temperature and pressure. Had one only
measured only at 100˚C the usable capacity would be about 2.4 wt.%. Whereas, at
150˚C the usable capacity approaches 3.5 wt%.
The scale and structure of the sample is integral to the determination of the reversible
or usable capacity. This is largely due to the impact of kinetics on capacity
measurements. For the determination of reversible or usable capacity, it is important to
define more than just the temperature and pressure parameters, but also a required
flow rate for dehydrogenation or reaction time for the hydrogenation reaction.
On-board reversible hydride storage materials are characterized by their short
hydrogenation times. The usable capacity is capped by the amount of hydrogen that can
be loaded in an amount of time similar to that of loading a gas tank. Therefore the
kinetics of the reaction is integrally related to the reversible or usable capacity for
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onboard storage materials, and similar considerations as to sample size and surface area
must be considered for capacity measurements (see kinetics section).
Physisorption-based gas storage systems will contain a large sorbent bed. Operation will
consist of cyclical processes, with an alternating adsorption and desorption sequences.
Filling the sorbent bed with superactivated carbon can increase both gravimetric and
volumetric densities relative to compressed H2 in the same empty bed at the same
temperature and pressure. This “gain” parameter appears to be maximized at low
temperatures and pressures for any given activated carbon. 157 An example of the cryoadsorption method is given in Figure 109, in which the volumetric density is expressed
relative to the total volume of the sample cell instead of the apparent volume of the
adsorbent. In order to qualify as a true measure of systems performance, however, the
mass of the storage cell needs to be included in the gravimetric density. The volumetric
densities also need to be validated for real engineering-scale storage tanks (as opposed
to small laboratory sample cells). Particularly interesting is the effect of granular carbon
adsorbent versus powder carbon adsorbent on the volumetric density, as apparent in
Figure 109. Adsorption in an exothermic process, so the same sort of heat dissipation
problems brought up in §3.3.1 needs to be addressed for a physisorption-based storage
system.

Figure 109. Volumetric density of H2 in (1) an empty sample cell, (2) a sample
cell filled with superactivated carbon powder, and (3) a sample cell filled with
superactivated carbon granules.30
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As and example of an off-board regenerable hydride hydrogen storage system we refer
to the work of Kojima et al. who demonstrated the use of NaBH4 hydrolysis to power a
10kW scale hydrogen generator. 158 The schematic of the reactor is shown in Figure 110.
They report the gravimetric and the volumetric H2 densities of the system were 2 wt.%
and 1.5 kg H2/100 liter, respectively. The volumetric density was similar to that of the
compressed H2 at 25 MPa. The hydrogen generator successfully provided a maximum H2
generation rate of 120 normal liters/min. Assuming a standard PEM (polymer electrolyte
membrane) fuel cell operated at 0.7 Volts, generating 120 normal liters/min was
equivalent to12 kW. However additional considerations for the energy storage of a
mobile system include the extensive heat management required, in addition to a fuel
tank and by product tank. In particular, the requirement of a byproduct tank adds
complexity and volume that is not ideal for volumetric capacity efficiency.
These studies are still relatively new and cover only a small portion of the parameter
space of practical systems. Extensive testing and modeling is required for maximizing
the volumetric and gravimetric efficiency for scale up and to be able to make reasonable
predictions of system hydrogen storage capacity from material capacity measurements.

Figure 110. 10kW scale hydrogen generator using NaBH4 hydrolysis.
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2.1.2 Experiments for Materials Development
In experiments for materials development, it can be necessary to test many different
samples, and therefore smaller sample size can be useful, ranging from a few milligrams
to a few grams. Depending on the type of capacity measurement, this may be of only
minor importance, or it could lead to almost meaningless results. In determining the
theoretical or total capacity of a material, measurements are taken until some sort of
equilibrium or steady-state is reached, in which case sample size is much less important.
However, if the reversible or usable capacity is being measured, then a small sample
could lead to an overestimation of the capacity of a bulk sample that would be used in a
real system. It is common that the rate of hydrogen uptake and release is one of the
most limiting factors in on-board reversible storage materials, and this effect will not
likely be accurately represented by testing on a thin film or other small sample.
Identical experimental conditions are critical to useful results when measuring
reversible or usable capacity. Direct effects from temperature and pressure conditions
clearly can change results, but other indirect effects may come from heat transfer
impacting kinetics or sample size effects on hydrogen diffusion. Even the structure of
the material can be important. For example, grain size generally has a strong effect on
the kinetics of hydriding, as well as the degree of complete hydriding and therefore a
sample of the same weight, size, shape and material composition, but with different
grain structures could lead to different results for the measured capacity.
Materials development for physisorption-based systems can be organized into two
categories:
1. Increasing the “effective” specific surface area (SSA). The modifier “effective” is
used because surface area in microporous materials is not necessarily welldefined.
2. Increasing the adsorption enthalpy.
Different approaches of developing high surface area adsorbents have been adopted for
different classes of materials. For activated carbons, the H2 storage capacity is known to
increase linearly with the N2 BET surface area. 159 The final SSA depends on the quality
of the starting carbon precursor, and on the specific purification and activations
processes used. An example of a self-contained experiment is a study of the adsorption
capacity of a steam-activated coconut char as a function of activation time (shown in
Figure 111). 160 Here, a direct correlation between activation time and material capacity
(albeit for methane) was determined. In general, the highest surface areas have been
reported for KOH treated superactivated carbons.
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Figure 111. High pressure methane adsorption isotherms of steam-activated
coconut char, with varied activation times. The traces H2O-O through H2O-6
correspond to activation times between 0 and 140 hours.160
In general, the number of variables (activation time, activation type, starting material) is
large, making a single comprehensive study of activated carbons (under identical
conditions) difficult. For metal-organic frameworks, materials development is limited by
the inherent difficulty in designing and synthesizing new structures. The same difficulty
applies to carbon nanostructures (e.g. nanofibers), compounded by the weak
reproducibility between different synthesis and purification techniques.159
Development of materials with enhanced adsorption enthalpies is necessary to achieve
reasonable storage capacities at ambient temperatures. Examples of comprehensive
studies on the effect of surface functional groups on the adsorption enthalpy of
activated carbons are available in the literature (see Figure 112). 161 Once again,
however, the energy heterogeneity and complex surface morphology of activated
carbons makes direct comparisons difficult. Materials development of metal-organic
frameworks, with respect to optimizing adsorption enthalpy, has focused on maximizing
the density of exposed unsaturated metal atoms. Due to the complexity of MOF design
and synthesis, however, there does not yet exist a truly systematic experimental
approach. The same difficulties apply to other designer sorbents as well.
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Figure 112. Variation of the maximum H2 adsorption amount versus the
oxygen/carbon ratio: (□) steam-activated coconut shell carbons (■)
polyacrylonitrile-derived activated carbons.161
Work on developing improved chemical hydrides follows similar requirements to onboard reversible hydrides for systematic measurements to be able to make reliable
comparisons between materials. In one example, in an effort to lower the
decomposition temperature of ammonia borane, Xiong et al have adopted an approach
that has been applied in the manipulation of the thermodynamic property of
compounds through chemical alteration to modify ammonia borane. 162 The method
consists of substituting one H in the NH3 group in BH3NH3 with a more electron-donating
element. The idea is to alter the polarity and dihydrogen interactions of ammonia
borane to produce a substantially improved dehydrogenation profile.
Chemical modification of ammonia borane to lithium amidoborane (LiNH2BH3) and
sodium amidoborane (NaNH2BH3) show substantially different and improved
dehydrogenation characteristics with respect to ammonia borane itself. These alkalimetal amidoborane materials are formed through the interactions of alkali-metal
hydrides (LiH and NaH) with ammonia borane, which lead to the replacement of a single
ammonia borane hydrogen atom by a lithium or sodium atom. It has been observed that
more than 10 wt.% and 7 wt.% of hydrogen desorbs from LiNH2BH3 and NaNH2BH3,
respectively, at around 90°C. In addition to the improved dehydrogenation properties,
volatile gas impurities such as borazine that are formed during dehydrogenation of
ammonia borane are eliminated. However some impurities such as ammonia appear to
be enhanced.
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With respect to these comparative measurements of hydrogen release capacity,
measurements based on constant pressure systems are more reliable where the actual
volume of hydrogen released is measured. It is extremely important that off-gas analysis
of these materials is performed, as gases and volatiles other than hydrogen may be
released from chemical hydrogen storage, amides, borohydrides, and other complex
hydride materials, in particular. It is critical to identify the species or volatiles that
formed to determine for the safe use of such materials and the impact they may have
on the hydrogen energy conversion device (e.g. the fuel cell components). Also, the
potential loss of materials from the system may be problematic for either reversible on
board complex hydrides, or for off board regenerable systems.

Figure 113. Kinetics of hydrogen desorption from alkali amidoboranes and postmilled BH3NH3 samples at about 91°C (left); the right panel indicates the DSC trace,
as well as the mass spectrometer traces of hydrogen and borazine from these
three materials. The metal amidoboranes release significantly less borazine than
the parent ammonia borane.
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2.1.3 Experiments for Fundamental Studies
Experiments on the fundamentals of reversible or off-board regenerable hydride
materials may study things like the appropriate amount and distribution of a catalyst in
a sample to optimize kinetics tradeoffs with weight capacity (in general, catalysts don’t
contribute to hydrogen capacity). If the catalyst is introduced to improve the kinetics,
sample size is still crucial to predicting realistic results for the final application of
materials, but may be less important in fundamental studies.
Special care should be taken when extrapolating from fundamental studies to estimates
for system level performance. Many factors involved in testing smaller samples will lead
to unreasonably high predictions of metrics like loading time and usable capacity. This is
because fundamental studies are often done on small samples, sometimes just a few
milligrams or even micrograms, where the mass and heat transport may substantially
differ from a full-scale test. With respect to off-board regenerable materials, exothermic
reactions may lead to runaway reactions on large scale systems which are not observed
in measurements on small samples. Hydrogen release from aminoborane is exothermic
but not much is known about thermal effects on capacity or effect of runaway reactions
on capacity.
With respect to physisorption materials, theories for supercritical H2 isotherms are still
not as well developed as the theory for subcritical isotherms. Understanding of H2
adsorption enthalpies and packing densities within pores of various sizes and
geometries have been usually limited by the lack of hydrogen adsorption isotherms
measured over a wide range of temperatures and pressures. However, recent results
obtained on metal-organic frameworks down to 50 K and 30 bar have revealed that the
packing density of hydrogen in pores of nanoscale dimensions can reach that of the
163
liquid state. In the same report, the adsorbed phase was also found to behave like an
incompressible fluid, suggesting an upper limit to the packing of hydrogen interacting
with such small pores (Figure 107). The above-cited characteristics could be modeled
using a Dubinin-Astakhov equation involving pseudo-saturation pressures. Therefore,
such extended measurements have proven to be useful on fundamental perspective as
well as for exploring the physical limits of physisorption material for practical
applications. Volumetric measurements on small masses of materials and at low
temperatures and high pressures involve stringent requirements in terms of pressure
and temperature stability. Blank tests are imperative to make a basic assessment of the
performance of the system. Moreover, as mentioned earlier, the volume of the system
must be small enough (i.e. to get sufficient sensitivity on small sample masses).
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Figure 114. Excess hydrogen adsorption isotherms performed on copper-based
MOFs near saturation. Notably the extrapolated excess curves down to Nex=0
are shown. At this point the adsorbed phase density equals that of the gas
phase (about 50g/L); revealing the ultimate hydrogen packing density under
such conditions.163

2.2 Material Properties that Affect Capacity Measurements
2.2.1 Materials Preparation and Handling
Materials preparation and handling can have a dramatic effect on performance results
but is often an overlooked step in understanding and performing hydrogen sorption
measurements. Thus, the determination of a sample’s purity or at least its chemical
composition is clearly important. For reversible materials, it is critical to measure
hydrogen uptake and release over several cycles as the formation of unintended byproducts (NaCl, H2O, NH3, LiH, other stable hydrides…..) versus true hydrogen storage
will typically present a decrease in the apparent hydrogen storage capacity of the
material. Mass-spectrometry of the evolved gases is highly recommended. In addition,
because the manner in which impurities can produce misinterpreted results is generally
differently in volumetric versus gravimetric measurements, it is highly recommended
that unexpected or too-good-to-be-true results from one technique be carefully
evaluated using at a minimum the other measurement technique.
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The most obvious consideration in the synthesis or preparation of a sample for use in
quantifying the hydrogen storage capacity of a material are impurities or wholly inactive
side products in the sample. Impurities, in addition to potentially detracting from overall
capacity, may have an effect on the actual hydrogen uptake or release capacity and/or
kinetics.
The presence of unaccounted for-secondary hydrogen absorption phases may skew the
interpretation of the capacity of a material if all of the hydrogen uptake or release is
attributed to only one component of a multi-component sample. For example, the
presence of a catalytic metal that itself forms a reversible hydride. Or the presence of
unstable oxides that may react with hydrogen to form water. These issues are often
most consequential for high-surface-area materials because the level of impurities
generally scale with the amount of active surface area. Impurity issues are also most
difficult to identify in high-surface-area materials because while impurities may be
present in significant quantities, they may be dispersed in only a few monolayers,
present as nano-particles, or amorphous in nature and, therefore, not readily
observable using common analytical methods such as standard X-ray diffraction.
The secondary component may not be a hydride former at all, but may cause hydrogen
release through a side reaction. For example, a sample of unreacted NaAlH4 + xTiCl3 may
produce more hydrogen on its first desorption than expected from the decomposition
of NaAlH4 → NaH + Al + 3/2H2. This is because in the process of decomposition NaH may
react with xTiCl3 to form xNaCl releasing x/2H2.164 In this case, the impurity or additive,
could contribute to an overestimation of hydrogen storage capacity of the actual active
storage material based on measurement of the initial quantity of released hydrogen.
Such side reactions are clearly an important consideration in the determination of the
hydrogen storage capacity of off-board rechargeable chemical hydrides.
The presence of unaccounted for “inactive” impurities can lead to an underestimation
of the capacity of the active component of a storage material. This may be the most
common and often the most difficult problem to address. If secondary components are
present difficult to detect impurities (e.g. nanocrystalline, poorly crystallized or glassy
phases), they will be difficult to quantify or even identify in using standard techniques
such as X-ray diffraction If the impurities are of the same composition as the storage
phase, but only structurally different than the hydrogen sorption component, it
becomes extremely difficult to assess the true hydrogen capacity of a material based on
a sample of an unknown mixture of phases. For example, in the case of nanostructured
carbon materials (specifically single wall carbon nanotubes, SWCNTs) it has been very
challenging to determine how much of a sample actually consists of SWCNTs versus
amorphous carbon, graphite, multiwall carbon nanotubes, how catalysts used in the
synthesis and other components introduced in processing and purification are
associated with the various phases and their roles, etc. Different techniques such as
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TEM and pulsed neutron diffraction have been used to try to quantitatively determine
the actual SWCNT content of samples. 165 With impurity concentrations on the order of
30-40% even in highly purified samples, a thorough analysis of a sample’s elemental and
structural composition is needed before measured quantities of ab/adsorbed hydrogen
can be ascribed to any single material as its true hydrogen storage capacity.
The properties of most hydrogen storage materials are very sensitive to impurities, both
as solid contaminants and gas phase impurities. It is well known, for example, that the
addition of small amounts of additives (alloying or impurities metals) to hydride-forming
alloys used in nickel-metal hydride batteries will cause large changes in electrical
capacity, kinetics and cyclability. A great amount of work has been carried out in
perfecting the composition (now ~ 10 elements) of AB5 battery alloys. One such
example is shown in Figure 115 where the Ni portion of the AB5 alloy LaNi5 has been
substituted with small quantities of other elements to improve the long-term cycling
capacity. 166 With the commercialization of gaseous hydrogen storage materials and
systems, it is very likely that similar compositional “fine tuning” will be employed to
improve storage material performance.

Figure 115. Cycle life behavior of LaNi5-XGeX. alloys with comparison to a good
commercial mischmetal-based, multi-component alloy also evaluated at JPL.
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An important consideration is that solids contaminates can have similar beneficial or
negative effects on a material’s performance. For example, it is very common to use
ball-milling preparation to introduce catalysts, create defects, or produce nanostructured materials. The milling pot and balls themselves may introduce metals into the
samples (Fe, Cr, W, C….). Enhancement of the kinetics may not necessarily be coming
solely from intentionally added catalysts, but rather the components of the ball mill may
be participating as well. This has been observed by comparing the diameter milling balls
when they are new with those that have been used for many hours of milling. The
amount of material loss due to mechanical attrition was significant.
An additional consideration with respect to the mechanical milling preparation of
materials is the possibility of the introduction of gas-phase impurities that may be
deleterious to the materials synthesis. One generally performs milling of the sample in
an inert gas environment. There are two ways to do this. One is to introduce the entire
mechanical mill into an inert gas glove box, and even then, ppm level of oxygen and
water may affect the outcome of the anticipated products. There is also the added
complications of needing to setup the milling machine in the glovebox, potential
perform maintenance or repairs in the glovebox as well as all of the vibration problems
the mill imposes on the glovebox and delicate instruments and items in the glovebox.
The other method is to simply seal the milling vial in an inert gas glove box and
subsequently perform the milling outside of the glove box. This second method may
leave open question of how well the milling vial is sealed against introduction of oxygen
and moisture from the surrounding air that could leak into the vessel if the vessel is
poorly sealed. The seals on milling vials are typically made of an elastomer and are not
particularly suited to seal against a pressure differential. So, for example, as the vial
heats up on milling, so too will the inert gas in the vial heat and expand building up
pressure in the vial. The excess pressure may be released across the elastomer seal to
equalize the pressure. After milling if the milling vial will cool and the pressure will drop
inside of the vial. If it is still in an air environment there is a chance that the lower
pressure in the vial will draw air into the vial contaminating or reacting with the sample
materials. Introduction of ambient air into the vessel during milling could obviously
alter the desired composition and in turn affect the hydrogen storage properties of the
materials or even cause unanticipated chemical reactions within the vial that could lead
to potential safety concerns.
A well-controlled series of sorption tests of the materials after exposure to known
quantities (ppm levels) of contaminants should provide insight into the sensitivity of the
materials to impurities during preparation and/or testing. However, it is difficult at best
to perform hydrogen sorption testing on materials in an ultra-high purity environment,
and it is unlikely that in the real world application for which the materials are being
developed that any hydrogen storage system will ever operate under UHP conditions.
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2.2.2 Impurity Effects and Capacity Testing Protocols
The same contamination issues that occur in materials preparation hold for the actual
gas-sorption testing of materials. This again may include both solid-phase and gas-phase
contamination. Above all, it is recommended that only UHP (Ultra High Purity 99.999%
or better) test gases be used for both the inert gas (helium) free (dead) volume
calibrations and hydrogen in the sorption tests. The gas manifold system should be of an
appropriate design to enable highly effective purging of any gas transfer lines. It is very
important to follow all gas-line and instrument purge instructions when connecting a
new cylinder of gas to the test equipment. If there is any residual air or moisture in the
line or any section of the instrument connected to the gas cylinder when the cylinder
valve is opened then the expensive UHP gas of your cylinder has just been contaminated
and no longer meets testing requirements. It is recommended that gas-lines and
instrument components be pumped down to at least 10-2 millitorr or better followed by
a flushing with the test gas (quick open and close in a safe manner of the gas cylinder
valve). This process should be repeated at least three times before the test gas is finally
opened up to the instrument.
The same procedure should be followed every time a new sample is loaded into the
instrument or a sample cell is attached to the instrument. There will certainly be air in
the connections between the cell and the instrument. The unusual procedure is to pump
the connecting lines or cell down to rough vacuum.
A variety of vacuum pumps may be used for degassing of samples or in the gas-line
purging and gas sorption measurement processes. Important considerations are that
the pump is compatible with the working gases and potential out-gassed products, and
that the vacuum pump itself does not contaminate the measurement instrument or
sample. Oil-free vacuum systems are generally preferred because of the potential that
oil vapor can back-stream into the system causing contamination. Although oil vapor
filters can reduce this, they are unlikely to eliminate it entirely. A study by Bojon et al
showed that a turbomolecular pumping station, backed by a rotary oil pump, did not
significantly contaminate a UHV system during operation, but water and hydrocarbon
contamination was introduced upon stoppage of the pump. 167 Volumetric systems
designed for hydrides can operate without UHV-capable pumps; in this case, it is very
important that the vacuum pump does not introduce contamination and therefore an
oil-free device, such as a scroll pump, should be used.4 The greatest potential problem
in this case is the potential failure or powering down of an oil-based vacuum pump with
the chance that the oil is then aspirated into the testing equipment.

The authors feel that there is not strong evidence to suggest that evacuation of gas lines
or the sample itself using a UHV (Ultra High Vacuum) pumping system such as a
turbomolecular pump versus a rough vacuum (1-100 millitorr) pump system has a
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significant impact on the performance of the materials. Realistically, the vacuum level at
the sample itself is limited by the conductance of the gas lines and filters between the
vacuum pumps and sample.
The pumping speed of a pump is only one of the many factors involved in the lowest
achievable vacuum of a given system. The size and shape of the tubes or chamber being
evacuated can be of even greater importance. The out-gassing rate of the tube or
chamber walls, known as the gas load, also limits the working vacuum achieved from a
pumping system.
When low enough pressures are reached, the density of gas in the tubes is so low that
intermolecular effects, or viscous forces, become less important, while the interaction
with the walls becomes more important. This latter regime is termed molecular flow,
and the flow properties can be described mainly by the geometry of the tubes. This is
described by the conductance, which in the molecular flow regime can be approximated
as:

Equation 85

D3
C = 78
L

Where D is the diameter of the tube and L is the length, both in inches. C is in units of
liters/s. The effective pumping speed is then defined as:

Equation 86

1
1
1
=
+
S eff S Pump C

The minimum achievable pressure is then given by:

Equation 87

P=

Q
S eff

Where Q is the gas load due to out-gassing from the walls and any leaks present.168
Figure 116 presents the results for the maximum achievable vacuum for a 10 in. long
tubing system for a typical gas load of 5x10-9 Torr-L/s 169 and pumping speeds for a
standard roughing pump and turbomolecular pump.
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Figure 116. Achievable vacuum for a roughing pump and turbo pump for
various tube diameters.
From the figure, it is clear that for tube diameters less than approximately 0.5 in. there
is no significant advantage to using a turbomolecular pump over a roughing pump. Thus
the ultimate vacuum level at the sample for most measurement instruments is generally
not significantly better whether a UHV or rough vacuum pumping system is used.
The heating of the sample under vacuum has much more impact on reducing impurity
levels (or degassing) than achieving UHV conditions. That being said, if UHV levels are
deemed necessary, they will be most effective when the pumping station is connected
via large diameter (0.5 inch or greater) directly to the sample cell.
For physisorption materials such as activated carbon, it is almost always necessary to
bake out the sample at an appropriate temperature to remove physisorbed impurities
such as water, carbon dioxide, solvents from preparation, etc. before performing gas
sorption measurements.. To accurately observe the characteristic gas (hydrogen)
sorption properties of the sample one must ensure that all active adsorption sites in the
material and the diffusion path to these sites are free of any interfering contaminants.
Physisorption materials, because of their high surface area are particularly susceptible
to the adsorption of moisture. To give an appreciation of this, prior to the testing of a
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high-surface area activated carbon sample (ca. 1 gram), it was exposed to air in a
relatively low humidity environment. The sample was then heated in a closed evacuated
sample vessel for approximately 30 minutes. Upon cooling the sample vessel, water
droplets were observed to have condensed in the unheated gas lines connected to the
sample vessel.
These physisorbed “contaminants” can be present in significant quantities adding very
large amounts to the weight of the sample. Thus, for volumetric gas sorption
measurements the sample should be weighed after the bake-out and sorption
measurements to get the true sample mass for determining the sample’s hydrogen
storage capacity. Ideally, the sample should be transferred airlessly to an inert gas
glove-box where the sample can be weighed minimizing the risk of air exposure
(resulting in adsorption of contaminant mass). The same is true for gravimetric
measurements where the sample should be fully degassed and transferred to the
balance for weighing before gas sorption testing is done. In general, with volumetric
equipment, the degassing can be done in-situ on the gas sorption testing instrument.
This is also normally the case with gravimetric instruments, and the mass of the sample
can be measured in-situ before the start of sorption measurements.
In one study, bake out of activated carbon materials at elevated temperatures reduced
the sample mass significantly. 170 In the referenced paper, activated carbon was ball
milled for up to 1000 hours. For samples ball-milled up to about 100 hours, the mass
loss was about 2-5%, with most of this occurring below 200 °C. Further heating to 1000
°C led to slightly more mass loss (up to 7% for the 100 hour milled sample). The sample
ball-milled for 1000 hours had a 20% mass loss during heating to 1000 °C. Another study
found that MOF-5 looses about 12.5% of its mass due to heating up to 523 K (due to
water and solvent elimination) but is stable up to 723 K.171
Regardless of what type of analytical gas sorption measurement instrument is used, an
important consideration is that in the bake-out process the sample may release gases,
vapors or even liquids (volatile organic solvents, borane, ammonia, low vapor pressure
metals, molten alanates…) that can contaminate the instrument. This may cause serious
irreparable damage to the instrument or impact the reliability of subsequent
measurements. An example is that of sodium aluminum hydride (NaAlH4) which melts at
182°C. If a sample of alanate is rapidly heated and suddenly exposed to vacuum, the
liquid can coat and decompose on the inside of the sample cell or may even be
aspirated into the instrument leaving behind solid decomposition products (aluminum
and NaH). With these considerations in mind it may make sense depending on the
material to perform the bake-out on a separate evacuation manifold and then transfer
the sample to the measurement instrument after the bake-out. This is one of the
advantages of the volumetric method in that sample cells are generally designed for
simple airless sample transfer from the sample preparation system (glove box), to a
bake-out degassing station if required, and then to the measurement instrument.
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Bake-out conditions
The following are typical bake-out or degassing conditions for different physisorption
materials.
Material
Activated
Carbon
Carbon
Nanotubes
Carbon
Nanotubes
MOF-5
IRMOF-8
Cu-MOF

Temperature (K)
673

Vacuum (Pa)
-4

10

420
673
400
400
400

-3

10
-2
10
-2
10
-2
10

Time (h)

Reference

48

172

24

173

>1
14
14
14

174
175

175
175

Table 11. Typical degassing conditions for different sorption materials.
An important caveat to these generic bake-out conditions is that some materials (MOFs
in particular) are only moderately stable. They may decompose or become structurally
alter at elevated temperatures, causing a significant change in their ability to store
hydrogen. It is advisable to do some materials analysis such as X-ray diffraction
measurements before and after a test bake-out to ensure that the bake-out itself does
not alter the material. DSC measurements on a sample up to the desired bake-out may
also indicate any thermally induced instabilities in the materials that necessitate
performing bake-out at lower temperatures.
Under certain circumstances, hydrogen evolution capacity can be strongly affected by
measurement conditions and interactions between reaction components. For example,
during the hydrolysis of NaBH4 with steam to produce hydrogen, higher yields of
hydrogen were obtained at the lower temperature of 110 °C and raising the
temperature to 140 °C decreased the reaction rate and yield.176 The lower rates and
yields at higher temperature are counterintuitive, but this was tentatively attributed to
mass transfer limitations in the particles. Examination of the reactor contents after the
experiments at both temperatures revealed that the solid particles were agglomerated.
The agglomerated material was soft and wet after the 110 °C experiment and hard and
dry after the 140 °C experiment. Presumably, the NaBH4 on the surface of the particle
absorbs water, reacts, and forms a layer of sodium metaborate (NaBO2·xH2O). This
material will retard steam diffusion through the NaBH4 particle, decreasing the
production of hydrogen. The lower reaction rates at higher temperatures may be
explained if the less hydrated form of NaBO2·xH2O is less permeable to water vapor.
Another explanation for the temperature effect could be that the reaction initiates only
after the NaBH4 absorbs water. In that case the water absorbed by the hydride could be
affected by the temperature such that condensation and absorption of the water is
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suppressed at the higher temperatures. This may explain the physical difference
between the wet product from the 110 °C reaction and the dry product from the 140 °C
experiment.

Figure 117. Hydrogen yield as a function of temperature in the steam
hydrolysis of NaBH4 At higher temperatures the surface composition changes
to borate hence preventing interaction of steam with the hydride ultimately
decreasing the hydrogen delivery capacity. 176
2.2.3 Surface Conditions
Imperfect materials preparation and handling often has the greatest impact on the
surface of the material. The next sections give a detailed description of some of the
different ways that surface contamination can affect the hydrogen storage properties of
materials including both capacity, kinetics and cyclability.
2.2.3.1 Surface Passivation
Surface passivation is a common problem in the study of metal hydrides as many of the
materials of interest, such as Mg and Li, are readily oxidized by water or oxygen. Even a
thin surface oxide layer and block hydrogen diffusion into the bulk of the sample,
leading to drastic reductions in the measured capacity value. Depending upon the
nature of the surface coating, the effects of surface passivation can be mitigated by
annealing or cycling the sample.
For fundamental studies, this problem is often mitigated by using a capping layer to
protect the surface. However, extreme care is still necessary to limit surface oxidation
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since even trace amounts of oxygen or water can contaminate the sample surface. For
example, thin films are deposited in high vacuum conditions, but even at a pressure of
10-6 Torr, the primary constituent of the residual gas in the chamber is water vapor
evaporating from the chamber walls. In a worst-case scenario where all of the molecules
are water vapor and all impinging molecules stick to the surface, the monolayer
formation time is about 3 seconds.33 Therefore it is possible that in imperfect vacuum
conditions there may be some surface passivation even before the capping layer can be
deposited. Similar logic also applies in the case of using glove boxes to limit exposure to
an oxidizing atmosphere.
Since it is impossible to limit any exposure to oxidizing elements, samples should be
subjected to exactly the same conditions as much as possible. This includes establishing
a standard cleaning procedure for targets before deposition (e.g. sputtering for 15
seconds before opening the shutter to begin deposition), setting a standard vacuum
level for deposition and exposing a sample to ambient or glove box conditions for the
same amount of time.
Surface oxidation or passivation can have as strong an impact on bulk or powder
samples as it does with thin film samples. Oxidation of the surface may prevent the
dissociation of molecular hydrogen gas to atomic hydrogen at the surface or prevent the
diffusion of hydrogen from the surface into the bulk. This is true of many of the
intermetallic hydrides. Figure 118 shows the activation of a coarse granular sample of
LaNi5 that was exposed to 30 hydrogen absorption/desorption cycles.

Figure 118. Cycling measurements on LaNi5. 177
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The sample partially activated in the first two absorption cycles, and was unchanged in
the cycles that followed. However, the total hydrogen capacity was just slightly less than
0.25 wt.% which is significantly lower than the expected LaNi5H6 capacity of 1.39 wt.%.
Thus only about 1/6th of the sample was actually hydrided (LaNi5 → 5/6LaNi5 +
1/6LaNi5H6 ). This was verified by the visually observation that the only a small fraction
of the coarse LaNi5 alloy had decrepitated into the fine grey powder of the hydride
(Figure 119).

Figure 119. Photo of incompletely hydrided LaNi5.177
It is likely that oxygen contamination formed an oxide barrier fully passivating the
surface of most of the alloy particles. To fully hydride the sample, the oxide surface of
the remaining particles would have to be breached (activated) by repeated cycles of
charging the sample with hydrogen at high pressure (up to 100 bar) at elevated
temperatures (up to 100°C) followed by evacuation of the sample. For those who
perform such an activation process on LaNi5, it should be noted that the activation
process itself induces the formation of a metastable phase of the hydride that is often
observed as a second plateau at much higher pressures than normal in the initial PCT
measurements. This plateau usually disappears with the first desorption. An example of
this is shown in Figure 246 where the room temperature absorption exhibits a second
higher pressure plateau that is not observed in the subsequent desorption.
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Figure 120. PCT measurements of LaNi5 after heating under hydrogen.
2.2.3.2

Poisoning

Sandrock and Goodell define four basic types of negative effects from impurities in the
hydrogen stream used for hydrogenation: poisoning, retardation, retardation and
recovery, and reaction. Figure 121 shows examples of each process. Poisoning and
retardation are similar in that they involve the blocking of surface sites required for the
dissociation of H2 involved in hydrogen absorption. Poisoning involves a stronger
interaction between the impurity and sample surface, and therefore leads to a
reduction in capacity as well as kinetics, while retardation simply slows the reaction
kinetics. The negative effects of both can generally be restored by heating in a pure
hydrogen atmosphere. In some cases, termed retardation and recovery, restoration of
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reaction kinetics will occur simply with cycling. Reaction is a more severe interaction
between the impurity and sample surface, leading to corrosion and permanent loss of
capacity. An example of impurities effects on LaNi5 and Ti(Fe,Mn) is shown in Figure 121.

Figure 121. Illustration of the effects of different types of alloy-impurity
interactions on absorption-time profiles during repeated cycling: (a) poisoning;
(b) retardation; (c) retardation-recovery; (d) reaction. The curves are for LaNi5
tested at 25°C and 345 kPa; only the first 4 min of 15 min absorption is
shown.127
See section 3.7.1 in the Kinetics section for a description of how impurities such as Co2
and H2O in the H2 gas stream can lead to retardation. This can have a critical impact on
the evaluation of reversible capacity measurements where kinetics are critical.
However, depending on the reaction conditions, the impurity, and the storage material,
poisoning can also have an impact on the total capacity.
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The physical and chemical activation of carbons can remove impurities, but can also
introduce complex surface morphologies and create surface functional groups (CxOyHz),
which either enhance or depress adsorption capacities. Many adsorbents are water or
air sensitive and should be handled in a high purity glovebox. For example, many metalorganic frameworks react with water and their crystallinity is observed to degrade over
relatively short periods of time. Alkali metal doped carbons are particularly reactive. As
a good practice, the same strict handling procedures should be followed for
physisorption samples as for air-sensitive metal hydride materials.
Surface poisoning is not a very critical issue for chemical hydrides like ammonia borane.
However it is very crucial for metal amidoborane (LiNH2BH3). Surface poisoning, though
not critical for ammonia borane reactions, still has an impact on capacity measurements
and an enhanced effect on the kinetics. Ammonia borane is water stable but slowly
reacts with water to form borate coatings on the surface which can diminish the
hydrogen capacity over time. This process is slow to cause an appreciable decrease in
capacity during a period ranging from a month to a year. For LiNH2BH3 the capacity is
significantly impaired if the material is exposed to air or moisture, since it rapidly reacts
with air or moisture to undergo side reactions. The purity of ammonia borane can have
an impact on Figure 122 of ammonia borane from different sources. 178

Figure 122. Effect of the purity of ammonia borane on the onset of H2 release.
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2.2.4 Capacity and Kinetics
Capacity measurements of reversible materials should be taken at thermodynamic
equilibrium, regardless of the time required to reach equilibrium. However, the amount
of hydrogen uptake or released from a reversible storage material is dependent on the
kinetics of the sorption process which is strongly dependent on the type of material and
the pressure and temperature conditions. While a material might demonstrate high
hydrogen storage capacity, the actual amount of hydrogen practically available may be
significantly less depending on the material’s intrinsic kinetics as well as the system’s
ability to deliver hydrogen due to heat transfer, gas flow through the material and other
considerations.
Therefore, while we consider Capacity to be the amount of hydrogen released after an
infinite amount of time (equilibrium) at a given temperature and pressure. In reality, the
kinetics of many materials are so slow that one must take a hydrogen capacity
measurement after some reasonable period of time. An example would be to take the
final measurement when the material capacity has reached 95% of its asymptotically
projected capacity.
The wide range of hydrogen storage materials leads to a somewhat unfair comparison
of the capacity of different materials that may actually deliver the reported quantity of
stored hydrogen at sorption rates that may be different by six or more orders of
magnitude. For this reason we strongly recommend that the time to reach the reported
capacity is reported along with capacity information.
Another important consideration is that the output of a measurement device tends to
change or drift with time (pressure transducers, mass balance devices, temperature,
hydrogen leak rates….). Thus, the measurement of capacity over long periods of time is
more prone to errors that relatively short measurements.
Understanding of kinetics of hydrogen release is as crucial to irreversible off-board
regenerable hydrides as it is for reversible metal hydrides and other systems. Kinetics
studies of hydrogen release from ammonia borane have been undertaken by several
institutes. This is a very complicated analysis due to the induction period that is
observed during the initial times at lower temperatures and which can lead to
measurement errors. The study of kinetics requires a detailed understanding of the
mechanism with which the reaction proceeds. Gutowska et al, studied the effect of
nanophase scaffolding on the kinetics of hydrogen evolution from ammonia borane in
mesoporous SBA-15. 179 enabling release of hydrogen at higher rates at lower
temperature. Neat ammonia borane takes significantly longer relative to that when the
scaffold is present (conversion is incomplete after 37.5 hours at 70 °C). However, at
higher temperatures, almost all the ammonia borane is converted to products and the
reaction is significantly faster providing a more accurate estimate of the extent of
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reaction and ultimately the stored hydrogen capacity of the materials. Other additives,
and catalysts have been used to not only remove the induction period, but to enhance
the rate of hydrogen evolution from AB. These experiments have led to a reasonable
level of understanding of the molecular mechanism of hydrogen release from ammonia
borane.

Figure 123. Arrhenius plots of the temperature-dependent rate data yields a
straight line. The slope is proportional to the apparent activation energy for
hydrogen loss from neat ammonia borane (neat AB; Ea = -184 kJ/mol H2) and
ammonia borane in the scaffold (AB:SBA-15; Ea = -67 kJ/mol H2).

2.2.5 Capacity and Thermodynamics
A reversible hydrogen storage material’s equilibrium hydrogen storage capacity is
dependent on the material’s temperature and the surrounding gas pressure. In other
words, the capacity at a given pressure and temperature at infinite time depends on the
equilibrium thermodynamics of the gas-solid reactions.
In the first example, the room temperature release of hydrogen from a classic AB5
(LaNi5-based) intermetallic hydride is shown in the kinetics measurement of Figure 43.
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Figure 124. Kinetics measurement of LaNi5 Intermetallic compound with a
single phase transition. The experiment was conducted under isothermal
conditions at room temperature. Units in H per formula unit released. 180

Figure 124 was made by measuring the increase in pressure using a calibrated
volumetric instrument as a sample of approximately 4.5 g desorbed hydrogen. The
capacity change in wt.% is plotted as a function of time. This represents the sample’s
total hydrogen content change during the desorption transition from LaNi5H6 to LaNi5.
This does not mean that the concentration of hydrogen in the hydride is changing but
rather that the sample’s total composition of the two phases is changing with time. The
sample’s total composition at any one time is:
Equation 88

(1 − X (t ))LaNi5 H 6 + X (t )LaNi5

with boundary conditions X(t=0) = 0 and X(t=∞) = 1.

While this single dose desorption of hydrogen indicates that the sample was in the fully
hydrided state (1.4 wt.% = LaNi5H6) in fact the sample’s hydrogen storage capacity
depends greatly on the pressure and temperature conditions at in the charged state.
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This is best observed by performing a series of equilibrium PCT measurements of the
transition from solid solution α-phase through to the β-hydride phase in LaNi5 (Figure
125). Absorptions are shown for two different temperatures (30°C purple) and (85°C
red). The flat portion (plateau region) of each measurement is present because of the
equilibrium coexistence of the α-phase and β-phases. On moving from left to right along
an absorption plateau the measured sample is being transformed, gas dose by gas dose,
from the α-phase intermetallic alloy to the β-phase hydride.

Figure 125. Equilibrium PCT measurements of LaNi5, a classic metal hydride at
two different sample temperatures.118
If we pick a specific pressure (10 bar for example) the fully charged state or hydrogen
storage capacity of the material will be very different (0.3 or 5.9 H/f.u.) depending on
whether the sample is at 30°C or 85°C.
Our second example presents the same concept for a different type of material. In this
case the sample is a multiphase complex hydride and amide mixture with a starting
composition of:
Equation 89

LiH + Al + 2 LiNH 2 + Mg + TiF3 .
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The measurement of the third cycle of gas desorption from titanium-doped alanateamide mixture is shown in Figure 126. It should be noted that, unlike the intermetallic
hydride example above, this is not an isothermal measurement but rather a ramp and
soak-style TPD measurement. However, ultimately a final hydrogen capacity of 2.2 wt.%
release at a final temperature of 200°C and 200 mbar.

Figure 126. TPD measurement of the alanate-amide mixture.57

Without doing a more detailed PCT isotherm, it may be incorrectly assumed by looking
only at this single dose desorption measurement that the desorption involves only one
reaction. By performing an equilibrium desorption PCT measurement of the same
sample (Figure 127) in the fourth cycle it becomes clear that the continuous evolution of
gas observed in the kinetics measurement of Figure 45 is the result of a complex series
of three separate chemical reactions instead of the single phase-transition as in classic
hydrides.
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Figure 127. PCT diagram of the alanate-amide mixture.57
Each of the three distinct plateaus corresponds to a different chemical transition within
the material. In this case the materials hydrogen storage capacity will depend on
whether the thermodynamic conditions (pressure and temperature) have been met to
cause one, two or all three hydrogen uptake reactions.
For hydrogen physisorption materials, the enthalpy of molecular hydrogen binding is
relatively weak (on the order of 4-6 kJ/mol H2). Thus, significant hydrogen uptake is
found only at low temperatures. The standard measurement of physisorption capacity is
usually taken at liquid nitrogen (77K) and room temperature (298K). However,
measurements at a series of temperatures between 77K and 298K are often performed
to make an accurate determination of the isosteric heat of adsorption. Measurements
at 77K and 298K are shown in Figure 128 for MOF-177, currently one of the highest
capacity physisorption materials. The 77K isotherm shows a maximum excess capacity
of about 7.5 wt.% at 60 bar hydrogen pressure. At room temperature the excess
physisorption capacity at 60 bar is only about 0.4 wt.%. This behavior is typical for all
physisorption materials with the possible exception of spill over materials which appear
to have high capacity, albeit slow kinetics at room temperature. 181
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Figure 128. Example of capacity as a function of temperature and pressure for
MOF-177 physisorption materials (Left: 77K , Right: 298K). 182
Off-board rechargeable chemical hydrides are, by definition, not thermodynamically
reversible within the temperatures and pressure range of the hydrogen delivery. Thus,
with the exception of Usable Capacity vs. hydrogen content discussed above, it is
kinetics and not thermodynamics that will impact the measurement of a chemical
hydrides hydrogen storage capacity. Also, as these materials are irreversible, the rate
and extent of hydrogen release are invariant with applied hydrogen pressure.

2.2.6 Impact of Hysteresis on Capacity
Reaction kinetics are probably the most fundamental factor in determining the
technologically usable or reversible capacity of on-board reversible materials. This is
because the time of reaction is important in both the absorption and desorption
reactions to provide reasonable filling times at the pump and usable flow rates of
hydrogen to the fuel cell.
Nearly all capacity measurements on reversible materials (with the exception of usable
capacity) represent storage capacity at thermodynamic equilibrium. One of the many
benefits of measuring capacity at equilibrium is that it minimizes the number of free
variables, improving reliability and reproducibility. The accuracy of an equilibrium
capacity measurement is directly related to the kinetic properties of tested material; the
better the kinetic properties, the faster the material approaches thermodynamic
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equilibrium (sorption-rate feedback etc.) but a fundamental understanding of the
relationship between capacity and kinetics is still central to conducting good research
and drawing accurate conclusions from capacity data.

Figure 129. PCT measurement of lithium hydride destabilized by silicon. The
first plateau (0.5 wt.% - 1.5 wt.%) corresponds to the transition from Li2.35Si to
Li1.71Si + 0.64LiH. The second plateau corresponds to the transition from Li1.71Si
to Si + 1.71LiH.31
One of the many phenomena affected by equilibrium (or non-equilibrium)
measurements of reversible hydrogen storage materials is hysteresis. The effect of
hysteresis is often seen in PCT measurements of metal-hydrides. The plateau pressure
can be different depending on whether the measurement is made during absorption or
desorption, and the even the location of phase transitions can differ. For example, a
study by Vajo et. al on lithium hydride destabilized by silicon shows a different total
capacity and a different hydrogen concentration value for the transition between the
two stochiometric phases of lithium silicides (Figure 129)31. However, the plateau
pressures are consistent during absorption and desorption.
In contrast, L. Guoxian et. al performed a PCT test on Mg mechanically milled with
FeTi1.2.32 This plot (Figure 130) shows three sets of absorption and desorption curves at
three different temperatures. At each temperature, the absorption curve shows a
slightly higher-pressure plateau than the desorption curve, which is typical.
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Figure 130. Hysteresis effects on the plateau pressure of PCT curves of Mg
mechanically milled with FeTi1.2.32
In general, the difference in pressure measured between absorption and desorption
may be in part due to a hysteresis effects related to the thermodynamics of the process
hydriding and dehydriding. This intrinsic hysteresis is observed for nearly all metal
hydrides. Hysteresis is of considerable interest for practical applications of metal
hydrides as it represents a loss of efficiency in energy storage. Intrinsic hysteresis has
been the focus of much study since the investigation of the phenomena in the Pd-H
system by Ubbelohde in 1937.183 A number of models and theories have been proposed
184, 185, 186, 187, 188
concerning the origin of hysteresis.
The subject of the cause and
implications of intrinsic hysteresis will be presented in more detail in the next chapter
on thermodynamics.
Because of hysteresis effects in metal-hydrides, the capacity at a given pressure will be
dependent on whether one references the absorption or the desorption data. Likewise,
hysteresis may have a profound effect on the actual hydrogen storage capacity of a
material system for many applications. This is demonstrated in Figure 131 for a
hypothetical material with a realistic amount of intrinsic hysteresis.
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Figure 131. Depiction of absorption (red) and desorption (blue) pressure
concentration profiles for a material at one temperature. Open (blue) circles
represent the effective desorption curve were the material only charged with
hydrogen at a maximum pressure of 4 bar.

At a given constant operating temperature, the intrinsic material hysteresis presents
itself as a difference in pressure dP between absorption and desorption PCT isotherms.
This means that if the upper pressure limit of a storage system was 4 bar, the full
theoretical capacity (1.2 wt.%) that could be discharged from the material could not be
achieved in practice. This is because the maximum amount of hydrogen that could be
absorbed before reaching equilibrium at 4 bar is only about half this capacity
(~0.66.wt%). The effective desorption curve is shown as open circles. Thus, the usable
capacity of such a material under these operating conditions is effectively half of its
total hydrogen capacity.
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From the practical perspective of the result obtained from PCT measurements it is
important to understand that the difference between measured absorption and
desorption pressures may be simply due to kinetic effects and the inability to reach true
equilibrium at each step within a reasonable period of time. It is difficult to distinguish
the two effects without looking at the time dependency of the approach to an
equilibrium pressure at each data point in a PCT measurement. Ideally, one would want
to have a test at each data point to ensure that equilibrium has been reached before
moving on to the next data point. This is often accomplished with automated
equipment by setting a lower limit on the rate of concentration change that must be
achieved before automatically moving to the next data point.

One simple approach to distinguish between hysteresis due to kinetics (non-equilibrium
measurement) and intrinsic hysteresis (material property) is to run a series of PCT
absorption and desorption isotherms for different durations of time (different dosing
rates for volumetric measurements, different increasing pressure rates for gravimetric
measurements). An illustration of this is shown in Figure 132. The figure shows that as
the time to allow the absorption and desorption process is increased the plateau
pressures will drop for absorption and increase for desorption. Given enough time the
measurements should reach a steady state equilibrium conditions such that making
longer duration measurements will no longer change the results.

In theory, it should be possible to extrapolate the time resolved pressure changes in
volumetric measurements to obtain final equilibrium pressures. 189 Recent results on the
hydrogenograghy of Mg-Ni-H thin films have employed such an analysis for evaluating
equilibrium pressures using optical transmission measurements under controlled
190
pressure. A caveat to this is that there is some evidence that final equilibrium
pressures may not be identical depending on whether hydrogen is introduced to the
sample in doses or continuously.72
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Figure 132. Depiction of absorption (red) and desorption (blue) PCT
measurements made over increasingly long (1,2,3) periods of time.

Ultimately, it simply very important to verify that the hydrogen/material system has
reached a close approximation to thermodynamic equilibrium when making PCT
measurements. This is best achieved by observing the hydrogen concentration change
vs. time during the measurement and proceeding with the measurement at a pace that
is slower than required to reach 95% of the reaction at each data point if possible. In all
fairness, many of today’s materials have such poor kinetics that this is not achievable in
a reasonable amount of time (< time to finish a thesis). In such cases, it is important to
indicate that results represent non-equilibrium conditions and may have some impact
both on the capacity of the material presented and any evaluation of thermodynamics.
When it is possible to measure the relevant rates of absorption or desorption, it is highly
valuable to present these values as well. Methods to overcome the measurement time
issue with respect to thermodynamic measurements will be presented in the next
chapter.
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With regard to adsorption storage materials, physisorption of H2 on surfaces and within
pores is typically a fast process. There are some instances where adsorption actually
prompts a structural change in the host adsorbent, resulting in indefinitely long
equilibration times. Hysteresis. However, is not usually observed for Langmuir-like
supercritical adsorption of hydrogen. Typically, caused by uptake measurements that
are kinetically limited, i.e. have not reached equilibrium.

2.2.7 Activation Effects
For most reversible materials, hydrogen storage capacity is not maximized immediately.
In both chemisorbing and physisorbing media, notably metal hydrides and high-surface
area materials, reaction with hydrogen is initially obstructed by impurities caused by
exposure to contaminants such as ambient air during preparation.
In metal hydrides this leads to a natural oxide film barrier on the sample surface that
inhibits hydride formation. Removing the oxide film activates the hydride and maximizes
its hydrogen storage potential. Activation occurs in a two-step process: small amounts
of atomic hydrogen penetrate the oxide layer to form the first hydride nuclei, after
which the bulk hydride fragments into smaller particles through a process called
decrepitation. Oxide layer penetration and nuclei formation can take anywhere
between seconds to days at room temperature and occurs via a variety of different
mechanisms depending on the sample. Decrepitation is a phenomenon caused by the
stresses placed on the usually brittle metal phase by the expanding hydride phase and
yields a substantial increase of uncontaminated, oxide-free surface area. Most
decrepitation occurs during the first few hydride/dehydride cycles and tails off during
subsequent cycles. FeTi is an example of a metal hydride that is difficult to activate due
to more passive and dissociatively inactive natural oxide films on the surface of airexposed particles and partly the result of higher toughness than other intermetallic
alloys. Figure 133 illustrates the degree to which FeTi requires multiple cycles to be fully
activated.
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Figure 133. Effect of FeTi Oxygen-content on second stage activation. Initial
particle size -30 mesh +50 mesh. Rome temperature P ~ 67 atm. Each data
point represents a dehydriding cycle. Arrows indicate sample cycled but no
data taken. 191
Porous media and other physisorption materials also experience activation effects,
although of a different nature than chemisorbing materials. Physisorption is dominated
by van der Waals forces, which do not differentiate between potential sorbents.
Physisorption samples exposed to the environment form a barrier of physisorbed air
constituents, which take up surface area on the sample and must be removed before
maximum hydrogen storage can be achieved. Because the physisorption mechanism
weakens with increasing temperature, it is usually only necessary to flush the sample
with hydrogen at an elevated temperature to eliminate the constituent barrier.
Zeolites, activated carbons, and other microporous materials will typically contain
residual water and other contaminants. Activation consists of degassing the material at
high temperatures (150 – 400 °C depending upon the material and its thermal stability)
under dynamic vacuum. It is best to perform the activation process in-situ, immediately
prior to experiments so that there is no chance for contamination between the
activation and the actual experiment. A “perfectly clean” surface requires ultra-high
vacuum and very high temperatures (>1000 K), however the goal of activation should be
to remove “most” of the residual species without modifying or destroying the adsorbent
itself.56 For some samples that might decompose at high temperatures (e.g. some
metal-organic frameworks), a different activation procedure might be used. Generally, a
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rough vacuum of 10 to 100 mtorr is sufficient for the degassing of most physisorption
materials. In any case, the conductance through standard tubing limits the effective
vacuum that can be achieve at the sample position in most experimental setups
regardless of the vacuum that the pumping system may achieve.
In reversible chemical hydrides the hydrogen uptake and release can be strongly
effected by such factors as, distribution of catalytic additives, distribution of reactants,
completion of initial unstable reaction processes to final reversible reactions, particle
size, morphology of the material on a macroscopic and microscopic level, surface
contaminants, etc. Thus, the hydrogen storage capacity of a material can change
dramatically during the first five to ten cycles. It is important to run samples of new
materials through several absorption-desorption cycles to determine the actual steady
state capacity of the material. The first few absorptions/desorption cycles may be very
misleading with respect to the materials true storage capacity.
A good example that was shown in the section on kinetics applies also to capacity. This
was the pre-reacted Ti-additive sodium alanate system. Figure 134 is desorption data
taken from a cycling experiment this material. It clearly shows the impact activation
effects can have on capacity of the material with cycling.

Figure 134. The activation effects of pre-reacted sodium alanate.126
Page 286 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 3: Capacity Measurements

Because each desorption measurement is taken over a fixed time interval the amount of
hydrogen desorbed is limited by the kinetics of each desorption and subsequent
absorption. Thus, the capacity increases with each cycle, in particular with respect to the
first part of the desorption which is due to the first decomposition in the two step
reaction given below.
Equation 90

1
2
3
NaAlH 4 → Na3 AlH 6 + Al + H 2 → NaH + Al + H 2
3
3
2

The increasing capacity with each step can be explained by the reactions proceeding
further to the left in the reverse of the reaction above to form more NaAlH4 with each
subsequent absorption. This is likely due to an increasing distribution of the Ti-additive
throughout the mixture with each cycle.
Had this been a new material that was tested only over one or two cycles, it might have
been abandoned as an uninteresting hydrogen storage candidate with only a maximum
of 0.5 wt.% storage capacity. Regardless of the sorption mechanism, it is important to
account for activation effects when performing capacity measurements on hydrogen
storage materials.59

2.3 Special Method Dependent Considerations
2.3.1 Volumetric
The volumetric method was presented in section 5.3 of the introduction (recommended
reading). Due to the importance of issues that impact the accuracy of these
measurements for determining capacity the method is presented here in more detail.
2.3.1.1 Volumetric Physisorption Measurements
The determination of the excess adsorption in the volumetric process can be
represented in four steps as shown in Figure 135. 1): from left to right: A) The volume
containing the sample to be tested is first evacuated. Then gas is introduced into a
calibrated volume where the gas pressure is measured after coming to thermal
equilibrium with its surroundings. B) The valve between the two known volumes is
opened and gas expands to fill the region containing the sample. C) Gas molecules
adsorb onto the sample (blue) until an equilibrium pressure is reached and measured.
Some molecules within the physisorption layer would be present in the gas phase at the
same pressure in the absence of physisorption (red). D) The excess capacity consists of
the blue molecules only.

Page 287 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 3: Capacity Measurements

Figure 135. Depiction of the excess adsorption as determined by the volumetric
method. 1) A step by step description of the volumetric measurement process
as it actually occurs. 2) Depicts the equivalent gas expansion process, which is
how the excess adsorbed gas is measured. 3) A graphic representation showing
how as the excess capacity is measured as a function of final measured
pressure (C) by subtracting the expected (no sorption) quantity of hydrogen
stored in the total volume from the measured amount of hydrogen in the total
volume.
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Figure 135.2) depicts a practical method for determining the excess capacity. From left
to right: steps A) and B) are the same as before. In practice, the adsorbed gas is not
measured directly. Rather, the adsorption of the gas results in a pressure lower than the
expected pressure purely based on the volume expansion, as shown in C). The excess
capacity shown in D) is then the difference between the expected pressure and the
measured pressure.
Figure 135.3) shows the resulting excess hydrogen storage capacity of the material as a
function of pressure. The excess material capacity is the measured capacity of the total
system volume less the capacity of the system due only to compressed hydrogen in the
same volume in the absence of physisorption.
2.3.1.2 Volumetric Measurements of On-board Reversible Hydrides
The determination of the hydrogen storage capacity in the volumetric process can be
represented in four steps as shown in Figure 136. 1), from left to right: A) The volume
containing the sample to be tested is first evacuated. Then gas is introduced into a
calibrated volume where the gas pressure is measured after coming to thermal
equilibrium with its surroundings. B) The valve between the two known volumes is
opened and gas expands to fill the region containing the sample. C) Gas molecules
dissociate on the sample surface and are chemisorbed on the surface of the sample and
then diffuse into the bulk of the material (green) until an equilibrium pressure is
reached and measured. At equilibrium, some hydrogen remains in the gas phase at the
equilibrium pressure (red). D) The hydrogen capacity consists of the green atoms only.
It should be noted that even reversible hydride materials have some surface area that
will physisorb a finite amount of (excess) hydrogen that should be accounted for in the
total capacity. This physisorbed hydrogen is already included in the storage capacity in
as an intrinsic in the volumetric measurements method. That is, the volumetric method,
accesses the mass balance of hydrogen in the gas phase and all unaccounted for
hydrogen is what is stored by the material through both absorption and physisorption.
For most reversible hydride materials the specific surface area is small and physisorbed
hydrogen capacity is insignificant. However, nano-particle materials may have high
enough specific surface areas that the portion of total stored hydrogen due to
physisorption is relevant.
Figure 136.2) depicts a practical method for determining the hydrogen absorption (and
physisorption) capacity. Steps A) and B) are the same as before. In practice, the sorbed
gas is not measured directly. Rather, the absorption of hydrogen results in a pressure
lower than the expected pressure purely based on the volume expansion, as shown in
C). The capacity shown in D) is then the difference between the expected pressure and
the measured pressure.
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Figure 136.3) shows the resulting hydrogen storage capacity of the material as a
function of pressure. The material capacity is the measured capacity of the total system
volume less the capacity of the system due only to compressed hydrogen in the same
volume in the absence of physisorption.

Figure 136. Depiction of hydrogen capacity measurements as determined by
the volumetric method. 1) A step by step description of the volumetric
measurement process as it actually occurs. 2) Depicts the equivalent gas
expansion process, which is how the total sorption of hydrogen is measured. 3)
A graphic representation showing how as the capacity is measured as a
function of final measured pressure (C) by subtracting the expected (no
absorption) quantity of hydrogen stored in the total volume from the
measured amount of hydrogen in the total volume.
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These simplified descriptions of the volumetric capacity measurement assume a perfect
knowledge of the gas vessel volumes, gas temperatures, gas pressures, gas density and
the mass and skeletal volume of the sample. An error in determining any one of these
quantities will result in an error in the determination of a material’s hydrogen storage
capacity. Some common errors and issues associated with volumetric measurements
are presented below.
2.3.1.3 Volumetric Sorption Dose
Equation 33-Equation 36 in the kinetics section demonstrates how a small single dose
measurement can lead to imperfect kinetics measurements for a 1 g sample of LaNi5H6.
The same example can be used to demonstrate the impact of a poorly planned single
dose on capacity measurements.
As stated before, when using a volume reservoir that is too small (10 ml, dashed line),
there is not enough hydrogen to hydride the entire sample to LaNi5H6, so it is impossible
to reach the theoretical capacity due to a flaw in the experimental design. The amount
of hydrogen in the reservoir is
Equation 91

n=

5bar * .01L
PV
=
= .002molH 2
RT .083 bar * L * 298K
mol * K

The entire dose is not absorbed by the sample, since enough gas must remain in the
system to satisfy the equilibrium pressure. The amount of hydrogen required to
maintain the equilibrium pressure in this example is
Equation 92

n=

1bar * .01L
PV
= .0004molH 2
=
RT .083 bar * L * 298K
mol * K

The remaining hydrogen, .0016 mol H2, enters the LaNi5 sample to create .234 g of
LaNi5H6. If the experiment were stopped here, the measured capacity would be roughly
3.2%.
In contrast, a 400 ml reservoir under the same conditions has enough hydrogen to
hydride the entire sample. The amount of hydrogen in the 400 ml reservoir is
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Equation 93

n=

5bar * .4L
PV
=
= .08molH 2
RT .083 bar * L * 298K
mol * K

After complete hydriding, there would be .073 mol H2 remaining in the gas phase. This
would yield the full theoretical capacity of 13.8%. Therefore any measured capacity
value short of the theoretical capacity is due to the properties of the sample rather than
the amount of hydrogen available.

Figure 137. Diagram of the pressure in sorption/desorption system during
hydriding reaction. The dashed line represents a test using a reservoir that is
too small and the solid red line represents a test using a sufficiently large
reservoir.
2.3.1.4 Gas Density Gradients
In typical volumetric adsorption experiments, the sample vessel is kept at a low
temperature while the reference volume remains at room temperature. The density
profile of the free H2 gas in not constant throughout the free volume therefore. A
common approximation is to divide the system into two isothermal regions connected a
small region with a linear temperature gradient. It is important to minimize density
fluctuation throughout the free volume, for example by maintaining a constant liquid N2
fill line. The linear correction factor in the temperature gradient zone can be calibrated
by empty reactor measurements.147
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2.3.1.5 Temperature Control
Immersing the sample in a liquid N2 bath ( 77 K) or a liquid Ar bath (87 K) is the simplest
means of temperature control. To achieve greater temperature range, inexpensive LN2based cryostats can be developed to provide a stable sample temperature in the range T
> 77 K. The design of the cryostat should minimize the temperature gradient region.
One way of doing this is incorporate a separate heating element at the samplereference interface, as shown in Figure 138.

Figure 138. Schematic view of a cryostat designed for H2 physisorption
measurements.
Figure 139 shows the volumetric measurement of the evolution of hydrogen during the
decomposition reaction of the chemical hydride ammonia borane at various
temperatures. At 95 °C, the decomposition rate for the as-received sample is very slow
and after 4500 s about 3% hydrogen was desorbed. By increasing the temperature the
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same amount of hydrogen is desorbed in shorter times and the final desorbed amount
slightly increased. The maximum hydrogen amount desorbed at 140 °C after 4500 s was
5.2%. The amount of hydrogen released observed by Benedetto et al is lower than the
previously reported one by Wolf et al. 192,211 This result cannot be explained taking in
consideration only the material purity (90%). They observed that part of the material is
pushed up from the thermalized zone as a consequence of the thermal decomposition,
remaining non-reacted. They further discuss the effect of ball milling and addition of
platinum based catalysts on dehydrogenation from ammonia borane.

Figure 139. Volumetric hydrogen evolution during the decomposition reaction
of ammonia borane.192
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Figure 140. Blank tests performed at several temperatures in the 0–50 atm
range.145
If the adsorption isotherms are acquired in a stepwise fashion using sequential doses of
H2, then the errors in each step will accumulate. This results in the increase of blank
adsorption with pressure.

2.3.1.6 Real gas behavior
At low temperatures and high pressures, the real gas equation of state for H2 starts to
deviate from the ideal gas equation (Figure 141). If the sample vessel is at 77 K while the
reference volume is at room temperature, then applying the ideal gas equation for a
known amount of gas will result in an “effective volume,” as explained in Chapter 2.
While the pressure is constant throughout the instrument volume, the density is larger
in the 77 K region. To calculate the H2 density in the 77 K region, standard
thermodynamic tables or H2 equations of state can be used to determine the
compressibility factor.
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Figure 141. Hydrogen density as a function of pressure at room temperature. 193

2.3.1.7 Blank Sample Measurements
There are a number of reasons to make measurements on blank samples (nonabsorbing samples of low surface area, or empty sample cell). One of the main reasons
is to validate the accuracy of experimental measurements at the temperatures and
pressures that will be used for measurements on actual storage materials. A blank
measurement under these conditions should give a quantity of sorbed gas that is very
close to zero. The amount by which the measurement is non-zero is an indication of the
accuracy of the measurement system and data analysis. The effective H2 uptake or
release in these blank tests should be small relative to the uptake expected from the
sample. If the expected sample uptake is very small at the measurement conditions (e.g.
hydrogen spillover adsorption at room temperature and low pressures), then it is
especially critical that the “blank” H2 uptake should be small. If the instrument volumes
and pressure gauges are well calibrated, the void volume is well characterized, and the
temperature gradients are properly accounted for, then H2 uptake in blank tests can be
on the order of 100 μg (see Figure 140).
Page 296 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 3: Capacity Measurements

Another reason for doing blank sample measurements is to empirically characterize the
response of the instrument to a set of measurement conditions. For example, it is
possible to determine the equivalent room temperature gas volume of a sample cell
that is being held at a temperature far from room temperature using a blank sample
rather than the actual sample to be measured. While it is more typical to use inert gas
(generally Helium) measurement on the real sample to determine an “apparent
volume” there may be some concern that the sample itself will adsorb significant
amounts of the inert gas causing large errors in the “apparent” void volume of the
sample cell. This becomes an important concern for high-surface area materials being
measured at low (cryogenic) temperatures where inert gas uptake may be large.
In such cases, the void volume of the sample cell, with the sample in it, is usually
determined from helium expansion measurements at room temperature and low
pressures (under 5 bar). Under these conditions the effect of helium adsorption is
generally considered to be small enough to have little impact on the volume calibration.
By using a blank sample measured with hydrogen under the same conditions as the
sample will be measured a “Temperature Correction Factor” can be determined (see
introduction section 5.3.3 for more on temperature gradient corrections). These tests
are run under identical conditions, but instead use inert, non-porous materials (e.g.
stainless steel rods, silicon granules, glass beads) which have as close as possible the
same gas displacement volume as the actual sample to be measured. The correction
factor determined from these tests is the ratio of the apparent (at temperature) void
volume of the cell containing the blank sample to the physical void volume of the cell
containing the sample at room (or instrument) temperature. This ratio will be pressure
and temperature dependent. Once this “Temperature Correction Factor” is determined
using the blank sample, it can then be applied to correct the room (or instrument)
temperature void volume value of the actual sample at equivalent experimental
temperatures and pressures. This correction then compensates for the temperature
induced density change in the gas in different isothermal and gradient sections of the
instrument to aid in calculating the actual amount of hydrogen ad/absorbed by the
sample at low temperatures.

2.3.2 Gravimetric Methods
The gravimetric method was presented in section 5.4
of the introduction
(recommended reading). Due to the importance of issues that impact the accuracy of
these measurements for determining capacity the method is presented here in more
detail.
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The gravimetric method is conceptually simple, but can be challenging in practice. In its
most simple form, a sample is exposed to hydrogen at increasing pressures and the
change in the weight of the sample is measured. The weight change of the sample is
caused by two opposing forces, the ad/absorption of gas by the sample whose mass
causes an additional gravitational pull on the sample and the buoyancy force of the
difference in the density of the sample (and adsorbed gas) and the surrounding fluid
(gas). These opposing forces must be accounted for regardless of whether the majority
of hydrogen is absorbed in the bulk of the material or adsorbed to the surface. Because
the buoyancy portion of the measurement is dependent on knowledge (or counterbalancing) of the pressure and temperature of the gas, measurements at elevated
pressures or extreme temperatures become very sensitive to the behavior of hydrogen
in the surrounding gas phase.

2.3.2.1 Gravimetric Physisorption Measurements
Physisorption measurements are most often performed at liquid nitrogen temperatures
and this presents one end of the temperature extreme challenges for gravimetric
measurements. In this light, we start with a description of the measurement with
respect to physisorption. Figure 142 shows the adsorption process (a) and the
equivalent depiction of the forces that contribute to the weight change of the sample on
adsorbing gaseous hydrogen (b). All adsorbed hydrogen, whether excess hydrogen
molecules or hydrogen molecules that would be present in the gas phase anyway, add
to the mass of the sample. The density of the free (or bulk) gas that does not experience
adsorption creates and opposing buoyancy force on the sample and adsorbed gas that
decreases the measured weight of the sample. To determine the absolute adsorbed
hydrogen requires some knowledge of the gas displacement volume of the sample
together with the volume and density of the adsorbed gas. Because the thickness of the
adsorption layer is generally not known exactly, based on pore size or monolayer
coverage are often used to provide a rough estimate of the adsorbed gas volume. This
also requires some assumption of the density of the gas in this layer. The density of the
adsorbed hydrogen will likely be somewhere between that of liquid hydrogen and
gaseous hydrogen (at the temperature and pressure of the gas surrounding the sample).
Making estimates of this adsorbed hydrogen density that is either too low or too high
can strongly affect the estimated “absolute” hydrogen storage capacity and may lead to
unrealistically high values for hydrogen storage. Therefore, the absolute adsorption
hydrogen storage capacity of physisorption materials is not often used or easily
determined.
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Figure 142. Depiction of the measured weight change of a sample caused by
physisorption and buoyancy of the surrounding gas using the gravimetric
method. a) The physical process of adsorption. b) Adsorbed molecules
contribute to the weight of the sample (blue + purple), while the hydrogen
molecules (red) displaced by the sample (and physisorbed gas) contribute to a
buoyancy force opposing gravity.
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Figure 143. Depiction of the excess capacity as measured by the gravimetric
method. a) The physical process of adsorption. b) The buoyancy force caused
by hydrogen molecules (red + purple) displaced by the sample only (skeletal
volume) is subtracted from the total measured weight change to give the
“Excess” hydrogen storage capacity of the material.
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The excess capacity is more readily determined than absolute capacity in that only the
buoyancy force of the sample itself (and not the buoyancy on the adsorbed layer) is
needed to correct the measured weight change of the sample. Figure 143 shows the
adsorption process and the forces involved in determining the excess capacity.
As before, all hydrogen atoms in the adsorbed layer contribute to the mass of the
sample. The volume of the sample plus this adsorbed layer displace a volume of
hydrogen, leading to a buoyancy force counteracting gravity equal to the density of
hydrogen at the local pressure and temperature surrounding the sample times the
displaced volume. However, the adsorbed gas that would normally be present in the
adsorption layer (purple) first add to the mass of gas adsorbed to the sample (purple
and blue), but are subtracted out of the excess mass by being included again in the
counteractive buoyancy force on the sample only. Simply put, the “excess” hydrogen
capacity is determined by including the adsorbed hydrogen that would normally be
present in the adsorption layer (purple) in the buoyancy term by using only the gas
displacement volume of the sample for determining the buoyancy force. Thus, no
assumptions for the thickness or density of the adsorption layer are required in
determining “excess” capacity.
It is vitally important for physisorption measurements of any kind, that capacity data
is properly labeled as either “excess”, “absolute”, or “total” capacity. And equally
important that any assumptions made in determining the capacity values are clearly
reported.
The base result that is determined from both volumetric and gravimetric
measurements is “excess” hydrogen capacity. From a best practice point of view and
consistency in the field the hydrogen excess uptake is what you should report.
Everything else, absolute and total capacity, is an estimate based on this physical
measurement and will only be as valid as the assumptions made in making that
estimate.
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Figure 144. Depiction of the absolute storage capacity of a sample as measured
by the gravimetric method. a) The physical process of adsorption. b) The
buoyancy force of hydrogen molecules (red) displaced by the sample and the
adsorbed hydrogen is subtracted from the total measured weight change to
give the “Absolute” hydrogen storage capacity of the material. c) In a porous
sample, it can be difficult to determine the thickness and volume of the
adsorption boundary layer, which leads to difficulty in evaluating the
“Absolute” hydrogen storage capacity.
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The gravimetric method poses a similar problem in determining the absolute capacity
directly from the measured mass of the sample. Figure 144 shows the adsorption
process and the assumptions that are made in determining the absolute capacity. All
hydrogen atoms in the adsorbed layer contribute to the mass of the sample. The volume
of the sample plus this adsorbed layer displace a volume of hydrogen, leading to a
buoyancy force counteracting gravity equal to the density of hydrogen at the ambient
pressure times the displaced volume.
It is difficult to determine the volume of the adsorbed phase under usual experimental
conditions, making it difficult to calculate the total buoyancy force. In practice, the
buoyancy force is calculated as if the volume of the sample remains unchanged. In this
case, the reported value is the Gibbs excess capacity. It is much more difficult to
determine an accurate value for the absolute capacity. This concept can be most easily
related using the following definitions:
M = measured mass of the sample = mass of the sample (Ms) + mass of total adsorbed
gas (Ma) – total buoyancy (Mbt)
Mbs = buoyancy force due to the sample volume
Mba = buoyancy force due to the volume of the adsorbed phase

With these definitions and the apparent mass due to buoyancy is the density of the
ambient hydrogen (ρH2) times the displaced volume, we can write:
Equation 94

M = Ms + Ma - Mbs – Mba = Ms + Ma – ρH2Vs - ρH2Va

Thus,
Equation 95

M = Ms + Ma – ρH2(Vs+Va)

Making use of
Equation 71, which relates the excess and the absolute amounts adsorbed, we obtain:
Equation 96

Mex = Ma – ρH2Va = M – Ms + ρH2Vs
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Therefore the excess capacity is determined by a relatively straightforward calculation.
Estimating the absolute amount adsorbed would require conditions in which the term
ρH2Va becomes large and measurable (e.g. at very low temperature and high pressure).
Note that the volume Vs can be determined from a helium displacement curve
considering the relationship for buoyancy correction
Equation 97

m
m 
Fb = gρ∆V = gρ  s − t 
ρt 
 ρs

Where Fb is the buoyancy force, g is the gravitational constant, ∆V is the differential gas
displacement volume of the sample and the tare, ρ is the density of the gas, ρs is the
density of the sample, ms is the mass of the sample, ρt is the density of the tare, and mt
is the mass of the tare.
For an asymmetrical apparatus in absence of tare weight, the buoyancy force exerted on
the sample will simply be:

Equation 98

Fb = gρ∆V = gρ

ms

ρs

= gρVs

Therefore, the corresponding correction on an actual hydrogen adsorption
measurement can be performed as a function of (P,T) considering a factor (~1/2)
between the bulk He and H2 gas densities under similar (P,T) conditions. This approach is
similar in essence to the free (dead) space measurement using helium in the volumetric
approach.
Gravimetric instruments including Thermal Gravimetric Analysis instruments were
discussed in the introduction section 5.4 and 5.5 above. There are several
considerations with respect to the accuracy of hydrogen capacity measurements using
gravimetric instruments.

2.3.2.2 Issues Involving Impurities
Of primary importance in the accuracy of mass-change measurements of hydrogen
capacity is the certitude that mass change is due exclusively to hydrogen uptake or
release. Therefore, two key factors are the purity of the gas (supply and environment)
and the behavior of the sample itself.
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Because gravimetric measurements generally involve small highly active samples
exposed to relatively large quantities of gas any impurities in the gas are likely to be
chemisorbed or physisorbed to the sample causing a non-hydrogen weight change that
may mistakenly be attributed to hydrogen uptake. Impurities in the gas can come from
the gas supply itself. Therefore, UHP hydrogen and calibration gasses (99.999% purity) is
absolutely recommended. However, impurities in the gas can also come from,
inadequate purging of gas lines when connecting gas cylinders to the instrument. For
this we recommend at a minimum, 3 cycles of evacuating lines to at least 100 millitorr
and purging with fresh gas. Impurities can also come from any leak in the instrument or
lines connected to the instrument. When the sample cell is held under vacuum, air and
moisture will be drawn into the sample cell through poor seals, back flow through
vacuum pumps (especially if not operating properly) or other leaks. Impurities may also
come from residual vapor left behind in the instrument or as a result of components or
residue from prior experiments degassing when the instrument is heated. Clearly the
introduction of the sample into the mass balance without exposure to air is problematic.
Sometimes, bake out of the sample after air exposure is sufficient. In this case it is
important to ensure that any moisture or other contaminants have not condensed
somewhere else within the instrument only to contaminate the sample upon the
introduction of gas. Some samples simply can not be exposed to air or moisture at all
and will require that the measurement instrument is installed inside of a glove box or
has a sophisticated sample transfer system that is 100% air-free.
Another source of error in high-surface-area physisorption materials is the presence of
oxides on the surface of the material that may react with hydrogen in the presence of
catalysts to form water. Hydrogen uptake in the material as water would increase the
sample weight giving the appearance of stored hydrogen. A check for this is that the
water should be released as vapor in a subsequent desorption and the sample would
loose weight with each desorption cycle.
A good cross-check would be to measure the same materials using the volumetric
method. During desorption the evolved water will not produce a significant increase in
pressure during desorption (at low temperatures) as hydrogen desorption would. An
apparent desorption by the gravimetric measurement and none given by a volumetric
measurement would indicate the formation of water or some other non-hydrogen
species. The formation of hydrocarbons (methane…) at active or catalyzed sites on highsurface-area carbon materials may present a similar (false positive) behavior.
The sample itself may change mass through melting (spattering or flowing off the
sample holder), evaporating, or evolving gaseous components (such as NH3 from
amides) during heating. This weight loss concurrent with hydrogen release might be
misinterpreted as purely the desorbed hydrogen capacity. Continued mass loss with
each desorption cycle is a sign of such a situation. Again comparison with measurements
made using the volumetric method would also help to resolve such issues.
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Sometimes mass spectroscopy infrared spectroscopy, or gas chromatography of the
evolved gasses can identify impurities or decomposition of the sample. This, however,
depends on the set up of the analytical system and operating temperatures of the
sample and gas lines. Many volatiles released by the sample (NH3, BH3, H2O, CH4….) may
condense out in the system before reaching the analytical detector and escape
detection.
2.3.2.3 Instrumental Stability
Besides the purity of the gas and the sample properties there are instrumental sources
of error to be evaluated. One consideration is the stability of the measurements over
time. Some sources of noise or drift to consider are: mechanical vibrations, temperature
variations within the lab, temperature stability of the measurement instrument itself,
stability of the gas pressure, or (in the case of flowing gas systems) stability of the gas
flow rates, any transfer of heat from the sample chamber to the mass balance
measurement system. A good test of stability is to systematically run blank samples
under the same conditions as the test sample will be measured.
2.3.2.4 Instrumental Effects on Buoyancy Corrections
The weight reported from a gravimetric measurement system is not necessarily the total
weight of the sample, but rather can be significantly affected by buoyancy forces on the
sample and system components. While it is possible to correct for these effects, loose
assumptions can create a large degree of uncertainty in gravimetric measurements.
194
Thus, gravimetric measurements are seriously affected by buoyancy. Since density
values of dispersed or porous materials are often not well known, the complete
compensation of buoyancy by means of a counterweight on the basis of a given density
value generally fails.142 It is therefore typical to measure the remaining buoyancy effect
by using helium at 77K or at ambient temperature.
These buoyancy effects can have a big impact on Gravimetric and Thermal Gravimetric
Analysis, especially when using small samples relative to the size of the sample holder.
For example, if a 1 mg magnesium sample is measured in a sample holder made of
quartz that weighs 1 g, the volume of the sample will be only 5.754 x 10-4 cm3 compared
to 0.375 cm3 for the sample holder. If the magnesium is heated from room temperature
to 300 °C, the buoyancy force on the sample and its holder, given by ρgV, where ρ is the
density of the hydrogen gas and V is the volume of the sample and holder, will decrease
dramatically. In this example, the weight of the sample is only 9.8 x 10-6 N, while the
buoyancy force decreases by 1.723 x 10-7 N due to the decrease in the density of
hydrogen gas at higher temperature. This would lead to an apparent storage capacity of
1.76% without any hydrogen absorbed at all. This problem can be partially overcome by
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using a system with a tare or running a test measurement under the exact same
temperature and pressure conditions but with nothing in the sample holder and
subtracting the apparent weight change from the real data.
An example of the activation and tare process for a 1 gram sample of activated carbon is
shown in Figure 145. In this example, a) the sample was degassed in vacuum at 573K,
then b) cooled to 77K in vacuum. The initial temperature difference generated a thermal
gas flow, resulting in a sudden decrease in the indicated mass of the sample. An initial
zero point reading was taken at c after considerable equilibration time. On the
introduction of helium (d and f), an instantaneous degrease in the indicated mass of the
sample is observed as a result of buoyancy in helium. Following this immediate
buoyancy effect, a slow increase in the mass occurs, which is ascribed to the adsorption
of helium. Evacuation (e and g) causes a fast increase in the indicated mass as a result of
the lack of buoyancy, followed by a slow mass decrease ascribed to the desorption of
helium. A final zero point shift at the end of g is attributed to the sorption of
contaminating vapor. This degassing and zeroing process is followed by a nitrogen
adsorption measurement at point h.

Figure 145. Gravimetric record of the activation and zeroing process of a
sorbent sample of 1 g activated carbon, counterbalanced by quartz glass, in
vacuum and in a helium atmosphere.
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For asymmetric balances (spring or magnetic suspension balances), the influence of
buoyancy must be corrected computationally, taking into account the fact that the
buoyancy of the balance parts occur at different temperatures than that of the sample,
and that this temperature distribution may also vary with pressure.
In a symmetrical microbalance, the balance consists of a sample in a sample holder on
one side, with an inert tare of similar mass and density to the sample on the other to
reduce the buoyancy effect. The variation in mass due to buoyancy is then given by:74

Equation 99

m m
m 
∆mB = ρ gas (∆V ) = ρ gas  s + sh − t 
 ρ s ρ sh ρ t 

Where ∆m is the change in measured mass due to buoyancy, ρgas is the density of the
gas, ms, msh and mt are the mass of the sample, the sample holder (assuming there
sample holder in addition to the normal balance components) and the tare respectively.
Similarly, ρs, ρsh and ρt are the densities of the sample, the sample holder, and the tare,
respectively. Since the buoyancy force opposes gravity, this term must be added to the
measured mass to determine the true weight of the sample.
For asymmetric balances (spring balances or magnetic suspension balances), the
influence of buoyancy on the sample and instrument components must be corrected
computationally, taking into account that the buoyancy of the balance parts occurs at
temperatures different from that of the sample. The variation in mass due to buoyancy
is then given by:
Equation 100

m m 
m 
∆mB = ρ∆V = ρ (Ps , Ts ) s + sh  + ρ (P, Tx ) B 
 ρB 
 ρ s ρ sh 

where ρ(Ps,Ts) is the density of the hydrogen gas at the sample, ρ(P,Tx) is the density of
the hydrogen gas at various points along the components of the balance (P is constant,
but Tx will vary), ms and ρs are the mass and density of the sample, msh and ρsh are the
mass and density of the sample holder (assuming there sample holder in addition to the
normal balance components) and mB and ρB are the mass and density of the balance
components (bucket, pan, beam, and the hang-down wires).
It should be noted that once the buoyancy correction is added, the calculated quantity is
the excess hydrogen adsorbed. Alternatively, if an accurate model for the volume
occupied by the adsorbed gas is available, the absolute adsorption can be calculated.195
However, there are still many subtleties involved that can still lead to inaccurate results.
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For example, in some cases variations in the temperature throughout the measurement
system need to be accounted for computationally. 142

2.3.2.5 Thermal Errors in Buoyancy Corrections
In a typical gravimetric instrument, the heating furnace, water bath, or cryostat
surrounds the sample cell containing the balance pan(s) on the bottom and sides. Heat
will be transported into the cell from above causing a temperature gradient in the cell’s
components and any gas that is present. For 77K measurements at low pressures (<100
Torr) a temperature difference of up to 15K has been observed between the sample and
cryostat even in the most well designed systems. 196 Any remnant thermomolecular flow
at low pressures will shift the zero point of the mass measurement of the sample.
Thermomolecular flow has the greatest effect at pressures at which the mean free path
of the gas molecules (λ) is comparable to the characteristic length L ( L= the diameter of
the balance cell). 197 The Knudsen number Kn is given by:
Equation 101

Kn = λ/L

For pressures below Kn = 1, the thermomolecular flow creates a pressure difference
where the maximum pressure difference is given by Knudsen’s law:
Equation 102

P1/P2 = (T1/T2)1/2

For the typical microbalance cell tube of 2 cm in diameter the maximum
thermomolecular flow is observed in the pressure range of 0.1 to 1 Pa. These pressure
differences should be accounted for in any computation of buoyancy corrections of
components of the balance and sample (hang-down wires, pan,…) under such
conditions.
At higher pressures thermally induced convection of the gas will occur also affecting the
mass measurement. These are difficult to correct for computationally and therefore
require optimal design of the balance and cell. In one example, the use of deflecting
metal shields mounted above the sample, and long (1m) and very thin (30µm) hangdown wires, reduced convective disturbances to about 10 µg (1g activated carbon
sample at 77K).142 The effect of thermal convection issues increase with increasing
pressure, increasing temperature differential and decreasing sample size.
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2.3.2.6 Sample Density Errors in Buoyancy Corrections
Another source of error comes from determining the true skeletal density of the sample.
This is of particular importance in porous solids where the porosity is often not well
known. The skeletal density is usually determined from helium pycnometry as outlined
in the Capacity section 1.4.1 Density of Porous Solids. However, the assumptions
involved, such as neglecting the adsorption of helium, can lead to significant errors. In
198
One study has shown the
some materials large amounts of helium can be adsorbed.
estimated volume to off by 20% when the helium calibration was used on a nonporous
Al wire of known density and mass. 199
Given that the buoyancy correction to the mass change of a sample is:
Equation 103

∆m = ∆F/g = ρH2(ms/ρs)

Where ms, ρs are the mass and density of the sample and ρH2. is the density of hydrogen
at the sample pressure and temperature, then the buoyancy correction on a weight %
basis given by:
Equation 104

∆wt.% = 100⋅(ρH2/ρs)/(1+(ρH2/ρs))

The weight percent buoyancy correction can therefore be calculated as a function of the
skeletal density of a sample for a given pressure and temperature of hydrogen gas
surrounding the sample. Some examples of these corrections are shown in Figure 146
for measurements at 77K and 298K of hypothetical samples with skeletal densities of
0.5, 1.0 and 4.0 g/ml.
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Figure 146. Buoyancy corrections for different sample skeletal densities at 77K
and 298K.

The skeletal density of a sample can be determined gravimetrically using the buoyancy
effect. Assuming arms of a symmetrical balance of equal mass, density and length, the
mass difference ∆F/g from buoyancy between a sample and counterweight is given by:
Equation 105

∆F/g = ρHe(ms/ρs – mc/ρc)

Where ms,ρs and mc,ρc are the mass and density of the sample and counterweight
respectively. In one example, the density of 1 g of activated carbon was determined by
such a helium measurement at 77K to be 1.9x103 kg/m3. This was about 10% higher
than the same measurement performed using nitrogen at room temperature.142 One
explanation for such differences is that microporous materials with pore diameters less
than 0.26 nm 200, which are accessible for the small helium atoms, are not for larger
molecules such as nitrogen. 201,202
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One significant source of error comes from neglecting the volume expansion of the
sample upon hydrogen loading. This has a similar effect to errors in the volume
measured by helium pycnometry. For example, the volume of Mg can expand by as
much as 33% on hydriding. Similarly, the gas adsorbed on the surface of a porous
medium can have a significant contribution to the volume.131 The error associated with
neglecting the volume change upon hydrogen loading is presented in Table 12. These
are high estimates for the error, since the ideal gas law was used to calculate the density
of hydrogen at high pressure and low temperature. More accurate values for hydrogen
density can be calculated using the Bender Equation of State, the Modified BenedictWebb-Rubin Equation of State or an equation developed by NIST. 203
Material

P (atm)

T (K)

Error

Mg

1

273

0.02%

Mg

200

273

4.40%

Mg

200

77

15.60%

Activated Carbon

1

273

0.01%

Activated Carbon

200

273

2.20%

Activated Carbon

200

77

7.90%

Table 12. Maximum error due to volume expansion during hydrogen loading at
various temperatures and pressures.
2.3.3 Sources of Errors in Volumetric and Gravimetric Measurements
One of the greatest challenges to accurate measurements of the interaction of
hydrogen with storage materials it the fact that hydrogen is the smallest and lightest of
all gas molecules. Measurement techniques that are considered standard in the
investigation of other gases are significantly more challenging for hydrogen. Both
volumetric and gravimetric measurements are common for gas uptake measurements
such as BET where gases such as nitrogen and argon are measured at pressure generally
below 1 bar.
With gravimetric measurements an important consideration is that nitrogen gas is 14
times heavier and Argon gas 20 times heavier than gaseous hydrogen. In other words,
14 to 20 times as much hydrogen must be adsorbed to a material to give the same
weight change as the same molar adsorption of nitrogen or argon respectively. Or
conversely, at least an order of magnitude higher sensitivity is required to accurately
measure hydrogen uptake as most other gases. This is not the case for volumetric
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measurements where pressure change is directly proportional to moles of gas uptake
independent of what the gas is.
Volumetric measurements are subject to errors caused by gas leaks or essentially a loss
in the total accounting of all hydrogen present (mass balance). Hydrogen being the small
molecule that it is exacerbates the absolute requirement for measurements to be made
with as low a leak rate as possible. Clearly all seals between gas handling components
should be leak free (generally metal-to-metal seals). But in addition, hydrogen will
diffuse through all materials at some rate which is dependent on temperature and
pressure. Teflon is an example of a materials that is particularly permeable to hydrogen,
even some steels are not ideal for hydrogen applications (316L steel is most commonly
used in instruments for hydrogen sorption measurements) and all steels have
limitations with respect to high pressures and temperatures of hydrogen.
Impurities in either the hydrogen gas supply or the sample materials present some of
the greatest issues for hydrogen capacity measurements. This is because most materials
that are highly reactive or interactive with hydrogen will be the same with impurities
(oxygen, water, nitrogen….). This is particularly true of high-surface-area materials. An
important consideration is that the errors caused by impurities present themselves in
very different ways depending on the measurement technique. Impurities in the gas
that react with the sample generally show a large increase in mass in gravimetric
measurements that is indistinguishable from hydrogen uptake and may indicate high
hydrogen weight percent capacity. The opposite is true for volumetric measurements
where impurities in the gas may deactivate the sample, reducing the apparent hydrogen
uptake.
Impurities in the sample that cause un-intended hydrogen uptake (hydride-forming
additives, water-forming oxides,…) would be expected to give invalid results in both
gravimetric and volumetric techniques if not properly accounted for. Regardless, the
formation of extraneous hydrogen compounds are often not reversible, therefore, a
significant loss in reversible capacity (of reversible materials) with cycling would indicate
the possibility if impurities in the sample.
Uncertainty in the skeletal density (gas displacement volume) of new materials creates
errors in both gravimetric and volumetric measurements. In gravimetric measurements
the error is directly proportional to the required buoyancy correction. In volumetric
measurements error in the density of the sample is proportional to the total calibrated
free gas volume.73 An example of these impact of uncertainty in a sample’s skeletal
density is shown in Figure 147 for 77K hydrogen absorption measurement on a 23 mg
sample of activated carbon using a volumetric instrument with a total free gas volume
of 1.78 ml. Given an underestimation of the sample skeletal density of 0.85 g/ml vs.
actual 1.7 m/ml the resulting error in the measurements due to error in the free gas
volume of the instrument (volumetric) or in the buoyancy correction for the sample are
shown in the figure.
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Figure 147. Error in capacity by gravimetric and volumetric measurements due
to a 50% error in estimating the skeletal density of a sample (50% lower than
actual). Sample 23 mg activated carbon at 77K.
These corrections are only for errors in sample volume and do not include temperature
gradient effects on both buoyancy corrections (gravimetric) or apparent volume
temperature corrections (volumetric).
It should also be noted that, in contrast to gravimetric measurements, the zero point
calibrations of isotherm measurements is not effected by thermomolecular flow issues
197,204,205
(buoyancy corrections) at low pressures.
2.3.4 Thermal Gravimetric Analysis
TGA (Thermal Gravimetric Analysis) generally refers to a combination of gravimetric and
mass-spectrometry analysis. As such, it can be used to detect the presence of
chemisorbed gases. This is typically negligible on most carbon adsorbents due to van der
Waals repulsion, but it can occur in unique geometries like single-walled carbon
nanotubes.159 TGA can be used effectively in tandem with isotope substitution to
characterize and validate hydrogen spillover. An example for a spillover sample dosed
first with H2 followed by D2, is shown in Figure 148. 206 This has been interpreted as
successive H2 and D2 dissociation on the spillover sites, recombination at the interface
between the two isotope layers, and desorption at the same spillover sites.
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Figure 148. TGA desorption trace for a spillover sample that was dosed first
with H2 followed by D2.206
The decomposition of the off-board rechargeable chemical hydride polyamino borane
(Second dehydrogenation step of Ammonia borane) is given by:
Equation 106

(NH2BH2)n → (NHBH)n + H2

Typical TGA-curves for this decomposition at different heating rates (1, 5 and
10 °C min−1) are shown in Figure 149 a). A single mass loss step was observed at all
heating rates. It is clearly evident that a mass loss is detectable in the same temperature
range in which hydrogen release and heat evolution were determined. The final value of
the mass loss depends significantly on the heating rate used. With rising heating rate
the final mass loss increases from 7.1 wt.% at β = 0.1 °C/min to 20.3 wt.% at
β = 10 °C/min. The formation of boron nitride at a temperature of 250°C is not probable,
as follows from the volumetrically detected release of only 1.1 mol hydrogen per mol
H2BNH2.
In Figure 149 b) results of thermogravimetric and volumetric investigations are
compared. Volumetric results were converted into mass loss data. The release of
1.1 mol H2, which was detected by volumetric investigations, corresponds to a mass loss
of only 7.6 wt.%. The results for the mass loss from thermogravimetric and volumetric
investigations are nearly in agreement at a heating rate of 1 °C/min. The amount of
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gaseous products evolved in addition to hydrogen should be very small at 1 °C/min. The
thermal decomposition of polymeric aminoborane (H2BNH2)x is accompanied by the
evolution of different gaseous products as follows by volumetric and thermogravimetric
investigations.

a)

b)
Figure 149. a) Mass loss on the thermal decomposition of polymeric
aminoborane (H2BNH2)X versus temperature b) Experimental data for the
mass loss (TG, line) in comparison with the mass loss data calculated from the
released amount of hydrogen (volumetric measurements, points), (heating
rates 1 and 10 °C/min). 207
Gravimetric measurements are often used for measuring capacity for many hydrogen
storage materials. However, in ammonia borane it is very difficult to obtain accurate
information about the capacity using simple TGA measurements. The key issues that
could skew measurements are:
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•

Foaming: Ammonia borane foams extensively in the range of 90-110 °C
during hydrogen release. This often creates mechanical errors in the
instrument balance thus reporting an erroneous weight loss.

•

Sublimation: Sublimation of the storage material is more common on
samples which are heated under TG conditions. Undetected loss of some of
the sample via sublimation may result in a significant error in estimating
hydrogen capacity.

•

Non-hydrogen volatiles: Other volatile intermediates or byproducts such as
ammonia and borazine also contribute to an overestimation of hydrogen
capacity if not properly accounted for.

These errors though significant under certain conditions can be minimized by use of
smaller sample sizes in larger sample cups equipped with a lid (with a small orifice) that
can minimize sublimation and foaming issues. Volatile byproducts or intermediates can
be quantified by other techniques mentioned in section dealing with gas composition
analysis and corrected for those measurements. 208

Figure
150.
Comparison
between
mass
loss
data
detected
thermogravimetrically (line) and calculated from volumetric results (points)
(heating rate 1 K/min (a), 5 K/min (b))

TGA is less accurate than either the volumetric and gravimetric methods and is not
typically used for measuring capacity.
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2.3.5 Temperature Programmed Desorption
TPD (Temperature Programmed Desorption) often refers to the quantification of
desorbed gas most commonly using a mass-spectrometer to measure gases evolved
from a sample while ramping the temperature of the sample at a constant rate.
Alternatively, infrared spectroscopy may be used when MS is problematic, i.e. if there
are complex mixtures of gases to be studied. The method is generally referred to as TDS
(Thermal Desorption Spectroscopy). The experimental difficulty in this method is the
proper calibration of the mass-spectrometer to provide quantitative measurements of
evolved gas.
The quantities of gases evolved may be derived experimentally from the measured area
under the MS response vs. time curve by comparison to a calibrated volumetric dose of
the gases delivered to the system under the identical conditions used for the TDS
experiment. Alternatively, calibration of hydrogen may be achieved by decomposing a
metal hydride sample with a very well known hydrogen content or by carefully weighing
a hydride sample before and after desorption. In addition to the calibration, good
response times are needed in coupled DSC–MS systems. That means that the time lag
between the signal detected by the DSC and that detected by the MS should be small. It
is also desirable that the shape of the MS signal accurately reflects decomposition
reaction of the sample. Both characteristics, time lag, and shape of the MS signal, are
taken into account by the response time function of the system which is mainly affected
by the flow and type of carrier gas and the geometry of the experimental system. An
example of such a system was reported by Fernández, C.R. Sánchez. 209
A simple TPD alternative to study the gas–solid interaction of hydrides can be studied
using the using a thermo-volumetric analyzer (TVA), based on a modified Sievert’s type
apparatus. A TVA system uses a calibrated high pressure reactor vessel and calibrated
reservoir vessel. The temperature of the reactor vessel is usually controlled a PID
temperature controller that can ramp the temperature of the sample at a constant rate.
As the sample desorbs the hydrogen pressures inside the vessels are recorded using
high precision pressure transducers. These values are then converted into capacity via
the volumetric method. As with all volumetric and gravimetric devices, it is not possible
to be sure that the evolved gas pressure or mass loss is purely due to hydrogen without
performing some form of gas analysis. It is also important to note that TPD methods are
by design dynamic not equilibrium measurements. Thus, great care should be taken in
evaluating stabilities and capacities to individual hydride phases.
An example of TPD measurements can be seen in the thermal decomposition of Zr and
Ti doped sodium aluminum hydride system by Zidan et al. One such measurement is
210
shown in Figure 151.
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Figure 151. Thermal-programmed desorption (28°C/min) of hydrogen from
various doped samples of NaAlH4 after three cycles of dehydriding /
rehydriding.210

2.3.6 Differential Scanning Calorimetry
Differential scanning calorimetry, DSC, is a direct method of determining the adsorption
or desorption enthalpy of a material, but it rarely used for reversible sorption due to
experimental complexity. The isosteric method for calculating adsorption enthalpy, is
far more widespread and provides results directly on a per mole H2 basis without
requiring separate measurements of hydrogen capacity. Various methods of adsorption
calorimetry have been developed to measure adsorption amounts. For more
information, refer to the book “Adsorption by Powders and Porous Solids” by Rouquerol
et al.56
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For irreversible off-board regenerable materials DSC may be the only way to measure
heats of decomposition. Isothermal DSC measurements are a reliable method to
determine the heat of the reaction provided that the products formed at known and are
identical at all temperatures.

For the results to be valid it is important that the extent of the decomposition is
measured. This can be done ex-situ by analyzing the sample through a secondary
technique (XRD) before and after a DSC measurement or in-situ by measuring the
quantity of hydrogen released. The second method is preferred as it directly provides
the heat of decomposition on a mole H2 basis which is critical for hydrogen storage. An
important caveat is that the evolved gas should be analyzed to ensure that the main
constituent is hydrogen for a correct determination of the enthalpy.

As and example, the first decomposition step of ammonia borane to evolve one mole of
hydrogen was studied in great detail by Wolf et al using DSC operating in the isothermal
211
mode at temperatures between 343 and 363 K.
Isothermal measurements are
suitable for the investigation of the slow decomposition reaction of borazane in the
solid state below the melting temperature. Figure 152 shows typical calorimetric curves
obtained at different temperatures. A single exothermic peak was detected in all cases.
The rate of decomposition strongly depends on the temperature. The amount of
hydrogen released during the process is also significantly affected by the temperature.
As the temperature of the dehydrogenation is decreased the amount of time it takes to
release the hydrogen is significantly increased. At 343 K (70 °C) it takes about 40 hours
to release the predicted 6.5 wt% hydrogen and at 363 (90 °C) that time is decreased to
6h. Longer decomposition runs do not result in a further increase of the detected
hydrogen amount. Additionally they inferred that the mean enthalpy of decomposition
reaction is nearly independent of the temperature and is equal to
ΔH = −(21.7 ± 1.2) kJ/mol BH3NH3. Gutowska et al. observed that the inclusion of
Ammonia borane in mesoporous scaffolds such as SBA-15 significantly decreases the
exothermicity of reaction.179 The rate of release of hydrogen from ammonia borane is
greatly enhanced in this case. So, to get reliable data, it is critical to measure heat of
reaction for dehydrogenation on the composites at much lower temperature (50 °C).

Page 320 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 3: Capacity Measurements

Figure 152. DSC curves of isothermal decomposition of BH3NH3 at
temperatures between 343 and 363 K.

DSC measurements are vital in understanding the extent of dehydrogenation from
ammonia borane. The DSC technique has similar sources of errors as found in TGA
measurements. It is critical to understand that at lower temperatures the extent of
dehydrogenation is significantly slower and hence it is very important and sometimes
difficult to determine the start and end point of the thermal event. At 70 °C the thermal
event in Figure 152 requires approximately 2250 minutes (37.5 hrs). The amplitude of
the signal is very low during these measurements as compared to the ones performed at
higher temperatures e.g. at 90 °C. These errors can be minimized by choosing a larger
sample size, which as mentioned previously for TGA measurements can cause other
errors.211
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2.4 Experimental Considerations
2.4.1 Desorption vs. Sorption Testing
There are two methods available to test storage capacity: charging an uncharged sample
and discharging a charged sample. The more accurate, and less intuitive, approach is to
begin with a fully charged sample and measure the maximum amount of hydrogen it
can desorb. The desorption approach is preferred because of the lower pressures and
larger reservoir volumes associated with desorption, in contrast to the higher pressures
and smaller volumes required to drive the sorption reaction. Lower pressures and larger
reservoir volumes significantly reduce the errors associated with measurements and
capacity calculations.
To illustrate the advantage of desorption-based capacity testing, consider a 1 g sample
of storage material with an excess material capacity of 10 wt.% hydrogen (.05 mol H2)
that is tested with both methods at room temperature. During sorption, the amount of
gas in the reservoir must be much greater than that in the sample and the equilibrium
pressure in the system must be much greater than the pressure of maximum sorption. A
gas reservoir of 200 ml and 20 bar contains .16 mol H2. If the pressure transducer used is
rated to 200 bar and is accurate to +/- 1%, then the corresponding error is .016 mol H2,
over 30 % of the excess material capacity of the sample (10 wt.% +/- 3 wt.%)! In
comparison, if a larger reservoir (1 L) and vacuum are used for desorption and the lowpressure transducer is rated to 10 bar with the same +/- 1% accuracy, the corresponding
error measurement is .004 mol H2. This represents an error of only 8 % of the sample
(10 wt.% +/- .8 wt.%). With this simple calculation it is apparent that desorption testing,
with its associated lower pressures and higher volumes, delivers more accurate results
than the sorption-based alternative.
Since H2 is only physisorbed at low temperatures, it is necessary to perform adsorption
before a desorption experiment can be attempted. Desorption testing in isolation does
not makes sense in this context. However, if desorption is the only process the
experimenter is interested in, then the sample can be fully charged in a single
adsorption step, followed by a multi-step desorption. Since hysteresis is not typically
observed in supercritical H2 adsorption, the desorption trace usually is equivalent to the
adsorption trace. (Hysteresis is typically associated with capillary condensation of
subcritical gases in mesopores). Desorption is endothermic, while adsorption is
exothermic. Therefore, kinetics may be different for the two processes. Appropriate
equilibration times should be used each process to ensure “technical equilibrium” is
achieved.
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2.4.2 Gas Composition
Both gravimetric and volumetric methods rely on the assumption that weight change
and equilibrium pressure change during sorption is due to hydrogen gas alone.
Unfortunately, this assumption is not always valid. During dehydriding, it is possible to
evolve gases other than hydrogen by chemical reaction of the sample material itself.
These evolved gases can contribute to weight change and equilibrium pressure change
measured with gravimetric and volumetric methods, respectively, and can contaminate
experimental data. One way to account for non-hydrogen gases is to use a residual gas
analyzer (RGA) to determine the composition of the desorbed gas. The RGA is
connected to the outlet line of the sample holder and tests a representative sample of
the evolved gas, outputting the relative composition via the partial pressures of the
individual species. A residual gas analyzer commonly used to determine the composition
of evolved gas during hydrogen storage experiments is shown in Figure 154.

Figure 153. Residual Gas Analyzer set-up.
In a titanium-doped alanate-amide mixture (LiH + Al + 2LiNH2 + Mg + TiF3), the gas
evolved from the sample during desorption was not entirely hydrogen. Trace amounts
of water and ammonia were found as well, as evidenced in Figure 155.
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Figure 154. Residual gas analysis of alanate-amide sample discussed in the
Kinetics section. 212
Water is a common contaminant of hydrogen storage materials, generally due to
adsorption from air due to improper sample handling prior to testing. The presence of
ammonia is much more interesting in this case. Under elevated temperature, the
alanate-amide mixture reacted to form ammonia although it is unclear the exact
mechanism for the reaction. This type of unforeseen gas evolution reaction warrants
accounting for desorbed gas composition variation and the use of a residual gas analyzer
to validate the assumptions inherent in the gravimetric and volumetric methods.
Unexpected gas evolution is less common in metal hydrides since the metals involved
tend to be stable in metallic form after releasing hydrogen.
Purity of the hydrogen gas that is released is a key criterion for long-term performance
of a fuel cell. The 2010 and 2015 targets specify the need for H2 gas to be 99.9 % pure.
Chemical hydrides such as ammonia borane, lithium borohydride, and magnesium
borohydride are likely to produce volatile byproducts during the reaction which could
possibly poison the fuel cell if not mitigated. The analysis of the hydrogen generated is
critical for determining the species generated during hydrogen release these materials.
A TGA or volumetric instrument coupled with a mass spectrometer is a powerful tool for
this study. The use of gas phase FTIR to quantitatively analyze the gas collected may also
provide a reliable analysis of gas phase composition. Additionally a gas chromatograph
(GC) equipped with a thermal conductivity detector (TCD), a flame ionization detector
(FID) and/or a MS detector can provide for the identification and quantification of
gaseous products.
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Ammonia borane dehydrogenation releases hydrogen in a three step process as shown
previously (Equation 81 - Equation 84). During dehydrogenation ammonia borane
undergoes a stepwise cyclic trimerization process resulting in the formation of borazine
which is an inorganic analogue of benzene cyclic (BHNH)3. Coupled TG-MS analysis
clearly shows a peak of mass 80 (one of several due to the presence of B-10 and B-11 in
the trimer leading to a manifold of peaks around m/e = 80) in the dehydrogenation of
ammonia borane at higher temperatures, consistent with the loss of volatile borazine.
However, one must be careful using these techniques or a combination of any
techniques listed above. It is critical to understand the mechanistic decomposition
chemistry of a particular compound, as well as the limitations of mass spectrometry. It is
difficult with low resolution quadrupolar mass spectrometers that are typically used in
these studies to distinguish between species having masses within 1 unit of one
another. For example N2 and B2H6 both give rise to major peaks at mass 28. A detailed
analysis of the mass spectrum is required to differentiate between the two species to
confirm the presence or absence of diborane during the decomposition of borohydrides.
In the example given earlier, borazine that arises from certain ammonia borane
dehydrogenation processes, is difficult to quantify, as accurate preparation of standards
of known concentration is experimentally challenging because of chemical stability
problems. Because of this fact, there are no commercially available standards for
borazine. Therefore, standards must be prepared in the lab as needed from freshly
synthesized borazine The most routinely used techniques for borazine quantification
include gas chromatography, mass spectroscopy, and nuclear magnetic resonance
spectroscopy.. While this discussion has focused on borazine, similar caution should be
applied to developing analytical methods for the identification and quantification of any
byproduct or gas-phase impurity.
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Figure 155. TPD/MS (1 °C/min) of volatile products generated by heating neat
ammonia borane (solid line) and AB:SBA-15 (dashed line); m/e=2 (H2) and
m/e=80 (borazine, c-(NHBH)3).

2.4.3 Leaks
Leaks in the connections of volumetric hydrogen storage testing equipment can cause
errors in the data. Leaks usually cause unexpectedly high capacities; in a kinetics
measurement, they cause absorption or desorption profiles to appear linear in time, as
opposed to true sorption profiles that have a curved profile. During sorption testing at
above ambient pressures, gas leaked to the environment is mistakenly thought to be
sorbed to the sample. Leaks during sub-ambient desorption also affect the capacity by
increasing the reading of the amount of gas desorbed with time. For emphasis, for both
sorption and desorption, measurements taken with leaking equipment report that the
amount of hydrogen gas sorbed or desorbed by a material is greater than it would be
otherwise. An example of this is demonstrated in Figure 60, where the expected
capacity of the sample is 1.39 wt.%. Absorption steadily increased with a linear behavior
until a fitting was tightened about 2 hours in to the experiment. With respect to new
materials, weigh on the side of skepticism and repeat the setup and measurements if
the results appear too good to be true. Plateau pressures at exactly 1 atm are possible
and desirable but highly unlikely.
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Figure 156. Example of a leak on kinetics measurement. A little after two hours
in to the experiment, the leak was eliminated.118
Sorption testing of On-board reversible materials is often done at higher pressure where
a leak might be more obvious, especially in a static measurement. However, for practical
applications pressures near atmospheric are desirable for supply to a fuel cell and for
safer fueling.
2.4.4 Discrete Compositions
A volumetric PCT measurement consists of a series of small gas doses that control the
concentration of gas given to or evolved from the sample (Figure 157). The last data
point of each kinetics measurement, which is assumed to represent equilibrium in
composition, pressure and temperature, provides a single point on the PCT curve (Figure
158). This process is performed repeatedly until there are enough equilibrium data
points collected to construct a full PCT diagram. Details of these measurements are
presented in the introduction section; Volumetric Method 5.3 .
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Figure 157. Pressure-time plot of data used to create the PCT diagram of the
alanate-amide mixture in the figure below.57

Figure 158. PCT diagram of the alanate-amide mixture.57
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An advantage of the volumetric method is that this dosing in concentration steps rather
than pressure steps enables one to go a specific concentration and stop the
measurement to “Prepare or Synthesize” a sample. This method has been used, for
example to prepare new compounds by deuteriding to specific compositions to prepare
samples for Neutron diffraction measurements and crystallographic analysis.
In addition, a full equilibrium PCT measurement will enable the determination of the
range of pressures and temperatures at which different hydrides exist. While plateau
pressure vary slightly, this information can then be used to prepare deuterided samples,
in-situ during NPD (Neutron Powder Diffraction) studies to determine the crystal
structure and deuterium site occupations of each individual deuteride phase. An
example of this is can be seen in the PCT measurements by Chotard et al. for hydrogen
absorption in LaMgNi4HX (Figure 159). These measurements were used to determine the
hydrogen content and thermal stability of the various hydride phases, and compared to
the in-situ deuteriding NPD measurements and crystal structure refinements. 213

Figure 159. Pressure-composition-isotherm of LaMgNi4 - H system during
absorption at 100°C and approximate upper phase limits (α, β, γ).213
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2.4.5 Effect of Sample Size

The size of a sample determines the quantity of gas that is adsorbed. In both volumetric
and gravimetric measurements, the ability to make accurate capacity measurements
improves when making measurements on larger samples. In order to make sensitive
volumetric measurements, the amount of hydrogen sorbed/desorbed by the sample
should cause a pressure change in the calibrated volume of the system which is at least
10x the resolution limit of the measuring pressure transducer. A specialized volumetric
instrument consisting of a small 7.5 ml sample cell and 7.6 ml reference cell was
reported in Ref. 145, which was capable of making precise measurements of small
adsorption volumes. Similarly, in gravimetric measurements the sample’s weight change
on sorption/desorption should be at least 10x the resolution limit of the balance.
In order to investigate the effect of sample size on adsorption amount, the
experimenter can measure a series of isotherms using different masses of adsorbent. If
the isotherms appear relatively independent of the adsorbent mass, then it can be
concluded that sample size is not a significant factor. On the other hand, if the
isotherms do depend on the mass of adsorbent, this is an indication of either
experimental error or of a sample size which is too small.
The ability to make good capacity measurements has been an issue that is particularly
problematic for physisorption materials because of the very small quantities of sample
that are sometimes available (CNTs) and also because of the low packing density of
high-surface area material which effects both buoyancy corrections for gravimetric
measurements and the amount of sample vs. the free gas volume in the sample holder
of volumetric measurements. While it has generally been assumed that small sample
quantities limit measurements to gravimetric techniques, in fact, quite accurate
measurements can be made on well designed volumetric equipment. Such
measurements are shown in Figure160 for hydrogen sorption on 2 milligram samples of
single-wall and multi-wall carbon nanotubes at room temperature. 214
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Figure160. Example of volumetric measurements on very small quantities of
physisorption materials. Room temperature PCT isotherms from 2 mg PE CVD
SWNT and HW CVD MWNT. 214
To validate the measurements, similar runs were made a small blank sample (stainless
steel) and on an activated carbon sample (39 mg) at room temperature (Figure161a).
These showed no absorption for the blank sample and characteristic absorption for the
carbon sample.

Figure161. Example of effect of sample size on the accuracy of measurements
for physisorption materials. (a) Hydrogen uptake PCT isotherm of 39 mg of
activated carbon sample and a stainless steel blank with the same gas
displacement volume, and (b) comparison of measurements using the
MicroDoser (39 and 6 mg) with those obtained using the standard sample
holder setup with a 251 mg activated carbon
sample (open triangles and circles).214
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This was followed by measurements using a standard volumetric instrument on 251 mg
of the same activated carbon sample and a 6 mg sample using a MicroDoser volumetric
device (Figure161b). Some deviation was observed in the smallest sample and the
results were similar for the 39 and 251 mg samples measured using different devices.214
Overall, the results were quite reproducible and indicate that SWNT and MWNT
hydrogen sorption behavior at room temperature are similar to activated carbon.
Most studies related to chemical hydrides are performed on a small scale as mentioned
previously. Significant work needs to be performed to better understand these issues. A
measurement on a large sample is inevitable when generating data for sample size
effect on capacity. The main issue for measurements will be the exothermicity of the
reaction. At larger scales, heat transfer from the samples to the external environment
may be inefficient, and hence the temperature of the sample may rise, increasing the
rate of hydrogen evolution yet further convoluting the measurement. Ensuring efficient
heat transfer is a key to the accuracy of these measurements. Techniques such as
providing for a large but thin layer of material in good thermal contact with a relatively
massive thermostated heat source may mitigate these types of problems.
As mentioned in the sections DSC and TGA measurements, there are complications due
to the contradictory requirements for sample size. It would be optimum for TGA to start
with smaller amounts of sample to minimize mechanical errors associated with foaming.
However, at lower temperatures the hydrogen release is significantly slower hence
producing a very low amplitude signal that can create errors in the DSC measurement.
Thin films are popular in fundamental studies due to the increasing complexity of new
materials. Thin film deposition techniques such as sputtering and pulsed laser
deposition (PLD) can be readily tuned to make films of varying composition to study
many material compositions in one sample. Another advantage in using thin films in
fundamental studies is that the effects of kinetics can be dramatically reduced in the
limit of extremely thin films. However, it is important to maintain a focus on the goals of
the experiment at hand when deciding whether to use a thin film or a bulk sample
where heat and mass transfer are decidedly different. For example, it does not make
much sense to spend a lot of time measuring the reversible capacity of a thin film, since
kinetics play such an important role in determining the reversible capacity of a practical
system.
Capping layers are often used in fundamental studies of metal hydrides due to their
highly oxidizing nature. Often the capping layer is also a catalytic material such as
palladium, which allows the experiment to be run under more reasonable temperature
and pressure conditions. However, it is important to keep in mind that a catalytic
capping layer may lead to dramatic improvements in a thin film with short diffusion
lengths, but may be much less effective in a bulk sample where the catalytic effect
would be concentrated in a surface layer only.
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2.4.6 Efficient Testing

Progress in the discovery, development and fundamental characterization of hydrogen
storage materials is dependent on the ability to perform measurements with speed and
efficiency. The hydrogen storage capacity of a material is usually the first characteristic
that is measured and used as a “select-or-dismiss” gauge in the rapid scanning /
discovery phase of research. For this reason, it is critical that the measurement of
storage capacity is not only efficient but accurate. Improved accuracy, in its own way,
increases efficiency. Any technique that reduces sample characterization time or
improves accuracy will help in improving the pace of material discovery and
development.
In bench scale studies for off-board chemical hydride material screening, gas burette
systems have been routinely used to determine hydrogen gas release kinetics of sodium
borohydride and ammonia borane systems. For low pressure measurements, simple gas
burettes with manual measurements at intervals are easy to set up but are not
adequate to study fast kinetics (e.g. reaction half times of less than minutes) or to carry
out high throughput testing. Automated gas burettes of various designs have been
reported in the literature. Piston-cylinder-type burette systems can measure gas volume
changes at constant pressure if they are equipped with a linear actuator that is driven
by a pressure controller. Zheng et al reported on details of a gas burette system using
only pressure and temperature sensors, which is capable of continuously recording the
215
gas evolved as a function of time to a computer. In this system, the moles of gas
generated are calculated from the volume, pressure, and temperature change of the gas
phase assuming ideal gas P-V-T behavior as a function of time. Integrating the quantity
of gas evolved over time yields a measurement of capacity. While the burette pressure
and all process temperatures are measured directly, the volume of the gas in the
burette is calculated by relating the burette pressure to the liquid level difference
between the burette and a reservoir containing the working fluid. The pressure in the
reactor can also be calculated similarly. Thus, at any moment the amount of gas
released was simply the difference between the number of the moles of gas in the
system and the moles of gas before the reaction.
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Figure 162. Schematic of a automated burette system used for Capacity and
Kinetics measurements.
2.4.7 Thermal Effects
Large temperature variations can occur locally due to the exo- and endothermic
reactions and inadequate material thermal conductivity. The need to achieve
equilibrium in reversible systems has been well documented in the introduction and
kinetics sections. Thermal equilibrium is also extremely important in capacity
measurements, particularly reversible metal hydrides which are typically largely
exothermic during hydrogen loading. Total capacity measurements should always be
made under conditions as close to equilibrium as possible, but this may be difficult and
time consuming.
Reversible and usable capacity measurements may be more focused on practical
applications rather than maintaining equilibrium during testing. However, it is still
important to consider the heat transfer effects. For example, an insulated sample may
yield unrealistically high reversible capacity numbers because of the heating effect
during absorption, whereas a practical application may result in more heat transferred
away from the sample and therefore reduced performance.
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2.5 Potential Materials Improvements
2.5.1 Doping
In most fundamental studies, small sample sizes are used. This can simplify a study
significantly, but can also be misleading. For example, for a small sample, it is easy
simply to deposit a catalyst on the surface, since diffusion lengths are typically small and
the catalytic effect should work on most of the sample. However, this principle does not
apply very well to a bulk sample, where the surface area to volume ratio is much less
advantageous. It is often necessary to distribute a catalyst throughout a bulk sample to
achieve full effectiveness.
Doping has been shown to be an effective way to distribute a catalyst throughout a
material to make reversible hydrogen storage feasible. Bogdanovic and Schwickardi
demonstrated that doping sodium alanate with transition metals, particularly Ti,
improves reaction kinetics and reduces the temperature associated with and
equilibrium hydrogen pressure of 1 atm. For example, by doping NaAlH4 with 2%
Ti(OBu)4 they were able to evolve about 4.5 wt% hydrogen in 1 hr versus 22-24 hrs for
the undoped sample.34

2.5.2 Grain/particle Size Effects
Decreasing grain/particle size in a potential hydrogen storage material can lead to a
significant increase in sorption/desorption rates due to the increase in grain boundaries
and therefore an enhancement of hydrogen diffusion throughout the sample. Since this
is purely a kinetics effect, it will only enhance the reversible or usable capacity, not the
total capacity. Therefore this technique is of particular interest for on-board reversible
materials where the fueling time is a more significant parameter.

2.5.3 Alloying
Many potential materials for on-board reversible storage, such as MgH2 and LiH, have
favorable total capacities, but are too thermodynamically stable for practical
applications. It is impossible to overcome thermodynamic barriers by addressing the
kinetics alone, so much research has been focused on reducing the thermodynamic
stability of materials with a high total capacity. One technique is to alloy the stable
metal with a metal that forms a less stable hydride such as Ni or Al. For example,
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Mg2NiH4 has been showing to have an enthalpy of formation of -65 kJ/mol H2, compared
to -75 kJ/mol H2 for MgH2. However, the addition of nickel leads to a significant
reduction in total capacity (down to 3.6% from 7.7%), while still falling short of the ideal
enthalpy of formation of -39.2 kJ/mol H2. The ideal enthalpy of formation in this case is
determined as the value that would lead to an equilibrium hydrogen pressure of 1 atm
at 100 °C as determined by the Van’t Hoff equation.

2.5.4 Capping Layers
Capping layers can be very useful in preventing oxidation and as a simple catalyzing
layer for fundamental studies. This can speed up the search for potential materials, but
does not necessarily translate into good system level performance. Many of the
commonly used materials, such as Pd, are heavy and expensive, and therefore not
practical for real applications. In addition, a capping layer will be much more effective
on a thin film than a bulk sample.

2.5.5 Chemical Hydrides Materials Improvements
A combination of theory and experiments is being used to design molecules with
improved capacity of off-board regenerable materials. Certainly most of the off-board
regenerable chemical hydrides have very high capacity to begin with. Additions of
catalysts or additives to influence the kinetics of release clearly impacts the gravimetric
capacity of the material. If far more efficient additives and catalysts can be developed,
reduced amounts of catalysts can be added which will mitigate some of the effects of
the additives on the capacity. Theoretical studies can predict certain stable species
which may not have been synthesized as yet but have the potential to contain useful
amounts of hydrogen with potentially improved thermodynamics of release.
Another approach to high capacity materials is to focus on compounds that can
potentially couple exothermic and endothermic release processes within the same
molecule, with the goal to provide near-thermoneutrality. Two examples of such an
approach are outlined below. One involves the tuning of the electronic properties of
aromatic hydrocarbons to potentially couple an exothermic oxidation reaction with
endothermic dehydrogenation in an attempt to ‘assist’ dehydrogenation toward lower
heat input requirements. A second example relies on an attempt to couple the
exothermic dehydrogenation of a B-N fragment of a molecule that also contains C-C
fragments that are dehydrogenated endothermically, again with the goal of coupling of
the thermodynamics of two potentially cooperating reactions to drive towards lower
intensity de/rehydrogenation cycles.
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The first example comes from the group at Air Products led by Alan Cooper and Guido
Pez. This team has focused on the development of liquid hydrogen carriers derived from
the reversible hydrogenation of aromatic organic molecules. This team has a series of
patents in this area.216,217 This general topic has been recently reviewed by Crabtree.218
Liquid carriers are likely to be more readily integrated into existing fueling
infrastructures, and are a highly desired format for a hydrogen carrier.
Releasing hydrogen from saturated cyclic hydrocarbon carriers by catalytic
dehydrogenation is in general quite endothermic, but may be performed with
reasonable rates and high yields to produce cyclic aromatic hydrocarbons. The
prototypical example of this is the reversible catalytic cycle of hydrogen plus napthalene
to produce decalin, as indicated in Equation 107.

Equation 107

The hydrogenated hydrocarbons are readily dehydrogenated catalytically with very high
yields, making these liquid carriers recyclable. The Air Products team demonstrated that
by the judicious choice of appropriate nitrogen or oxygen substituted hydrocarbons,
that the dehydrogenation temperatures could be reduced but not to temperatures
accessible using the waste heat of an operating fuel cell. To attempt to circumvent this
barrier, they demonstrated the very clever idea of coupling an exothermic oxidation
reaction with the endothermic dehydrogenation, all within the same storage molecule.
As indicated in the figure below, heat from the exothermic oxidation of one portion of
the molecule (step 3) nearly balances the heat required to drive the endothermic
dehydrogenation reactions (step 2), thus in principle mitigating the need to add heat to
the system by burning some of the produced hydrogen, which would reduce the
effective storage capacity. One potential drawback to this approach is that one mole of
hydrogen is consumed in making water during the recycling of the oxidized spent fuel
(step 1). Nonetheless, this autothermal approach was demonstrated in the laboratory to
operate efficiently at temperatures in the vicinity of 200 °C with high yields (>99%) in
each of the three steps required to complete the cycle, and was demonstrated to be
recycled multiple times.
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1)

2)
Figure 163. 1) The three step autothermal cycle demonstrated by Cooper et al
(preceding page). 2) The block diagram indicating of a potential reactor scheme
to transfer the heat of the onboard oxidation reaction (step 3) to the
endothermic onboard dehydrogenation reaction (step 2). The spent fuel ‘B’ is
then rehydrogenated in an off board catalytic regeneration process.
A second example comes from the group at the University of Oregon led by Shih-Yuan
Liu. Liu’s group has developed new synthetic routes to hybrid organic/inorganic
219,220
These materials are based upon the substitution of boron
benzene like systems.
and nitrogen in a benzene ring. While materials such as borazine have been known for
close to 100 years hybrid materials such as the 1,2-dihydro-1,2-azaborine (Figure 164)
were only prepared in 2008. 221
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Figure 164. Benzene, borazine and hybrid materials 1,2-dihydro-1,2-azaborine.

With a synthetic route to these elusive compounds it is now possible to assess the
possible of coupling the exothermic H2 desorption from the B-N bond with the
endothermic H2 desorption from C-C bond in a cyclic system. The key goal here, like in
the Air Products approach, is to tune the thermodynamics for the overall H2
absorption/desorption process and approach a more thermoneutral system.
Calculations in collaboration with David Dixon at the University of Alabama indicate that
the coupled release of hydrogen from these organic-inorganic hybrids is much more
favorable than in either benzene or borazine alone.
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While the development of this hydrogen storage system is only in its infancy Lui’s
synthetic methodology is extremely versatile and the systematic tuning of these
molecules may lead to a system that provides the correct balance of thermodynamics
and kinetics for a liquid based onboard storage media. In particular the development of
the fused ring systems will enable an approach which effectively unites the Air-Products
systems with the ammonia borane chemistry, 222 see Figure 165.
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B N
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Figure 165. Fused ring systems.

While the development of new materials from Liu’s group has been impressive over the
last year, significant challenges still remain. In particular, the development of catalysts
that enable the coupled hydrogen release from both the C-C and B-N bonds are
required.

2.5.6 Physisorption Materials Improvements

The extent of physisorption is generally proportional to the surface area and porous
volume of the adsorbents. As a result, optimization of these materials for high hydrogen
storage capacities on a gravimetric basis usually involves the maximization of these two
structural properties. The class of materials known as Metal-Organic-Frameworks
(MOFs) is particularly interesting in this regard, as both the surface area and pore
volume of these materials can be tuned during the synthesis. In particular, this can be
done by judicious choices of organic linkers and secondary building units SBU. 223
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It has been found, for example, that the pore size, as well as the amount of hydrogen
adsorbed, is related to the length of the linker unit of the particular MOFs (see Figure
166). 224 Moreover, the same changes in the length of the linker unit were shown to
163
lead to differences in the magnitude of the adsorption enthalpies. The preparation
method can also be improved to get higher storage capacities on certain MOFs, as
shown for the IRMOF-1.225 Post-synthesis optimization approaches are also investigated.
These approaches include, among others, doping with metals and acidic treatments
aiming at creating high affinity sites, especially on carbon structures. In the latter case,
the resulting effects appear be a higher affinity for the hydrogen, and higher adsorption
at relatively low pressures. 226

Figure 166. The pore size of microporous Metal-Organic Frameworks materials
can be tuned during the synthesis to optimize the adsorption properties of the
material. In this case, different linker sizes were used to vary the pore width.224
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Section 4: Thermodynamic Measurements
The study of thermodynamics determines fundamental properties of hydrogen storage
materials that can only be changed by altering the physical structure or composition of
the material. Knowledge of these properties can help determine whether the desired
performance is possible, but does not present the complete picture. Knowledge of the
kinetics and other factors will ultimately determine whether the theoretical
performance is achievable.
This section will give a brief introduction to the basic concepts of thermodynamics and
then focus on the difficulties that can arise in making accurate measurements and
interpreting the data.

1 Introduction and Definitions
The following is a brief introduction to the general concepts of thermodynamics and
some of the basic applications to hydrogen storage materials.

1.1 Basics of Thermodynamics
Thermodynamics is the study of equilibrium states and the transitions between them.
For the measurement of any thermodynamic variable such as temperature or pressure
to make sense, the system must be in equilibrium. However, this is rarely the case in
real applications, particularly for temperature, which often varies throughout a system.
A common assumption used to get around this difficulty is that a system is in local
thermodynamic equilibrium when measurements are made in systems with thermal
gradients. Reaction kinetics in many hydrogen storage material systems may be very
slow and reaching true thermodynamic equilibrium may be difficult or impossible in a
reasonable time scale. This is particularly true of hydride materials (alanates,
borohydrides and destabilized hydride mixtures) that require the mobility of not only
hydrogen, but also other constituent elements to form or decompose the hydride. For
thermodynamic measurements to be valid one must be cognizant of these kinetic
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limitations and ensure that appropriate equilibrium conditions have been achieved or
accounted for.

1.1.1 Laws of Thermodynamics

The laws of thermodynamics cannot be directly proven, but rather are based on
practical observations that have been shown to be consistent over centuries of
experience. They describe the specifics of how energy heat and work can be transported
in thermodynamic processes. The laws are stated and summarized below:
0th law – If two thermodynamic systems are in thermal equilibrium with a third system,
then they are in thermal equilibrium with each other. This law validates the comparison
of temperature measurements between separate systems.
1st Law – Energy can neither be created nor destroyed. It can only change forms. This
law is simply a statement of the conservation of energy.
2nd Law – It is impossible for any system to operate in such a way that the sole result
would be an energy transfer by heat from a cooler to a hotter body. This statement is
the Clausius statement. Other phrasings are available which bring out other subtleties of
the 2nd law. The basic concept is that the net change in entropy of a system and its
surroundings cannot be negative. In practice, the net change in entropy will always be
positive.
3rd Law – As temperature approaches absolute zero, the entropy of a system
approaches a constant minimum. This law serves to define the concept of absolute zero
temperature, as well as making calculations of absolute entropy possible.
1.1.2 First Law of Thermodynamics

The first law of thermodynamics, conservation of energy, merits further discussion, as it
is useful in many different forms. The most basic formulation is presented in Equation
108, which simply states that the total energy in the universe is the combination of the
energy in the system under study and the energy in its surroundings.
Equation 108

EUniverse = E System + E Surroundings
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In general, energy can be exchanged between the system and its surroundings in the
form of work or heat. Work energy comes in many different forms. For example,
mechanical work is the force times the displacement of an object, while electrical work
is the potential difference between two points on an objects path times its electric
charge.
More information can be determined from the first law when the surroundings are
considered to be a reservoir for thermal and mechanical energy to make it easier to
evaluate gains and losses in energy. This is shown in Equation 109.
Equation 109

EUniverse = E System + EThermal − res + E Mechanical − res

A more familiar form of the first law arises from considering changes in heat,
q = −∆Ethermal − res , and work, w = −∆E mechanical −res , or on an infinitesimal scale
δq = −dEthermal − res and δw = −dE mechanical − res . A negative sign is included because we are
considering changes in heat and work of the system. The first law can now be expressed
in differential form as shown in Equation 110. The subscript system is dropped because
the change in energy of the universe is always zero. It is also important to note that δw
is included as a positive term in Equation 110, implying that work done on the system is
considered positive. Another commonly used sign convention includes δw as a negative
term, meaning that work done by the system should be considered to be positive.
Equation 110

dE = δq + δw

In Equation 110, the symbol for the increment of energy and the increments of heat and
work are different. The symbol δ emphasizes that the infinitesimal increments of q and
w are not perfect differentials, meaning that in a transformation their changes depend
on the path followed by the system moving from an initial state to a final state. Consider
a property E of a system, identified and well defined, that takes a value Ei when the
system is in state i (initial) and a value Ef when the system is found in state f (final). The
change in the property E will then be dE = Ef - Ei, whatever the path linking the two
states. This statement introduces a state function whose differential dE is exact. The
energy of a system satisfies this relation and may be identified as being one of its
properties, but this does not apply to heat or work. Stated differently, work and heat
cannot be assigned to one given state of the system but they belong to the process of
transformation of the system.
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1.1.3 Classical Thermodynamics

The basis of classical thermodynamics is a macroscopic view of the materials of interest.
Properties are averaged across an entire system and it is assumed that the individual
behavior of molecules can be ignored. While classical thermodynamics will be sufficient
to study most aspects of hydrogen storage systems, some approaches to improve
performance may require knowledge of interactions on the molecular scale. This often
requires quantum mechanical calculations which fall under the realm of statistical
thermodynamics.

1.1.4 Statistical Thermodynamics

Statistical thermodynamics, also known as statistical mechanics, considers matter from
the microscopic viewpoint. Both classical and quantum statistics are used to determine
the behavior of individual molecules in a system. The macroscopic values of properties
are determined by averaging over a large number of molecules. Statistical
Thermodynamics is particularly important when there are small length scales in a
problem or in systems with rarefied gases so that the assumption of a continuum
becomes invalid.

1.1.5 State Variables
The state of a system is defined by a set of independent variables, such as pressure,
temperature, internal energy and volume. The specific variables required to define the
state vary with the type of system, as discussed in the next section. Typically, once three
state variables are determined, all other state variables can be calculated from known
relationships.
One important aspect of state variables is that they can be defined at any point with no
knowledge of the process required to get there, as noted in section 1.1.2 . Other
important variables, such as heat and work, are path dependent, and therefore cannot
be used to define the state of a thermodynamic system. An example of this is presented
in Figure 167, showing two hypothetical processes to change the system from state 1 to
state 2. The pressure and volume at states 1 and 2 can be measured and do not depend
on whether path A or B was followed. However, the amount of PV work performed,
represented by the area under the curves if the processes are reversible, clearly
depends on the path, and therefore cannot be used to uniquely define the state.
Page 345 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 4: Thermodynamic Measurements

State 2

Path A

P

Path B

State 1

V
Figure 167. Image depicting the distinction between path dependent and
independent variables.
It is also useful to consider the concept presented in Figure 167 mathematically. First,
consider points 1 and 2 in the P-V space connected by two hypothetical piecewise
smooth curves designated Path A and Path B. Let F(x,y,z) = F(r) be a continuous vector
function whose partial derivatives exist. Then the line integral of the function F over
Path A or B between the initial point 1 and final point 2 will in general depend not only
on F and on the end points of the path but also on the path along which the integral is
carried out. If F is a force then the line integral is the work done by the applied force in
the displacement on a body of mass m. The result shows that the work done equals the
kinetic energy, and that the amount of work done will differ if a different trajectory is
selected.
2

Equation 111

Y = ∫ F (r ) ⋅ dr
1

A path independent variable is one which produces the same value in integrating from 1
to 2 along any path.
For a closed curve, the independence of path of the line integral is obtained if and only if
its value around the closed path is zero. If we have independence of path, integration
from 1 to 2 along Path A and B gives the same value. A and B taken together form a
closed curve. Now, when integration is done from 1 to 2 along A and then in the
opposite direction along B (the integral is multiplied by -1) the sum of the two
contributions is zero.
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We know from mechanics that Equation 4 represents the work done by a force F in a
displacement of a body of mass m. Then we learn that work may be independent of the
path if and only if it is zero for displacement around any closed curve. Moreover, the
first part of the discussion tells us that this happens if and only if F is a gradient of a
function (potential). F and the vector field defined by F are called conservative, because
in this case mechanical energy is conserved. That situation occurs only for an adiabatic
transformation observed in a closed system where. In other words, δq = 0. Here, we
stipulate that we are dealing with a closed curve. For example the kinetic energy of a
body represents the ability of a body to do work by virtue of its motion. If the body
moves in a conservative force field, like gravity, then after the completion of a loop the
body returns to its initial position with the same kinetic energy it had at the starting
point.
1.1.6 Thermodynamic Systems

The definition of the system under consideration is fundamental to the study of
thermodynamics. A thermodynamic system is separated from its surroundings, often
called the environment, by an arbitrarily defined boundary. The properties of the
boundary, such as whether it is fixed or flexible, or allows the exchange of quantities
such as mass or energy, determine the type of system. The state of each type of system
can be completely determined by the measurement of a set of independent variables. In
most cases, only three state variables are required, but by taking advantage of constant
properties defined in a given system, this requirement can usually be reduced to only
two, as outlined below.
1.1.6.1 Isolated System
The most basic system, and therefore also the most idealized, is the isolated system.
This is a system that has no exchange of mass or energy with its surroundings.
Therefore, the internal energy is a constant, and only two other variables, such as the
pressure and temperature, are required to completely define the state of an isolated
system.
1.1.6.2 Closed System
A closed system is defined by flexible theoretical boundaries surrounding a fixed mass.
Energy is allowed to transfer across the boundaries of the system, but no mass. For a
gas system undergoing no reactions, the number of moles is constant, and out of the
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easily measured variables pressure, volume and temperature, only two need to be
determined to define the state of the system. Of course, most systems involving
hydrogen storage materials will involve reactions, so this assumption is not usually valid.
1.1.6.3 Open System
An open system, otherwise known as a control volume, is a system of fixed volume. The
boundaries are rigid, and both mass and energy are allowed to transfer across the
boundaries. The boundaries are arbitrary, but a well chosen system can greatly simplify
the analysis. The constant volume means that only two other state variables are
required to define all other state variables.

Surroundings

Surroundings

Surroundings
m

System

System

Q

System

Q

m
a)

b)

c)

Figure 168. Diagrams of a) isolated system, no exchange with surroundings, b)
closed system, only exchanges heat with surroundings, and c) open system
exchanging both heat and mass with surroundings.

1.1.7 Equilibrium

In Section1.1.6 of the Kinetics section of this best practices document, chemical
equilibrium was defined as a condition where the forward rate of a reaction was equal
to the rate of the reverse reaction, so that there was no change in the overall chemical
nature of the system. The definition of thermodynamic equilibrium is broader,
encompassing thermal, mechanical, phase and chemical equilibrium, to name a few. The
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simplest method to determine if a system is in equilibrium is to isolate it from its
surroundings. When there are no longer any changes in its observable or measurable
properties, then the system is in equilibrium.
Equilibrium can also be described as a minimum in a thermodynamic potential. The
Helmholtz free energy is used to describe systems with constant temperature and
volume and is defined by Equation 112, where U is the internal energy, T is the
temperature and S is the entropy of the system.

A = U − TS

Equation 112

The Gibbs free energy describes systems at constant temperature and pressure and is
defined by Equation 113, where H is the enthalpy of the system.

G = H − TS

Equation 113

It is clear from this definition that there can be no temperature gradients in a system in
equilibrium. Since the assumption of equilibrium is essential to thermodynamics
calculations, the concept of local thermal equilibrium (LTE) is used instead. LTE can be
applied to systems where the variation in properties across space and time is small
enough that the molecules surrounding a given point can be assumed to be in
equilibrium. This assumption breaks down in systems with large variations in properties
or low densities, so that molecules are unlikely to have enough collisions to establish
equilibrium even locally.

1.1.8 Reversibility

A process is thermodynamically reversible if the system and its surroundings can be
returned to its original state. An equivalent statement is that a process is reversible if
each step in the process can be achieved through infinitesimal changes to properties of
the system without loss or dissipation of energy so that the system is in equilibrium
throughout the entire process. In practice, this is impossible, since all real processes lead
to a net increase in entropy of a system and its surroundings. Additionally, it would take
infinitely long for a system to adjust to infinitesimal changes. However, it is possible for
a process to be approximately reversible if the system responds rapidly to small
changes. Another approximation in an internally reversible process is that all
irreversibilities are assumed to occur in the surroundings so that the system could
return to its original state.
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1.1.9 Practical Use and Limitations of the First Law
The first law of thermodynamics is discussed briefly above, but before we can use it to
make calculations of changes in enthalpy, H, or internal energy, U, we must recognize
that both of these properties are state functions. This means that they are path
independent functions with well defined properties at all points and their differential
form is exact. U and H can be defined as a function of any two of the three state
variables p, V and T, but the choice is important as it can lead to significant
simplifications. For example, considering U as a function of T and V allows us to define
the heat capacity of a system as the change in internal energy at constant volume.
Another reasonable choice is to consider H a function of T and p. In this section, we will
focus mostly on calculations of enthalpy, since that is the more commonly used
property for hydrogen storage measurements, but a similar derivation is also possible
for the internal energy.
Since the derivative of enthalpy is exact, we can write a differential change in enthalpy
as a function of T and p as:

Equation 114

 ∂H 
 ∂H 
 dp
dH = 
 dT + 
 ∂T  p
 ∂p  T

 ∂H 
The 
 term in Equation 114 is commonly referred to as the heat capacity at
 ∂T  p
constant pressure, Cp, which is a measurable quantity. The second term must be
manipulated further to arrange it in measurable form, which can be done by considering
how the change in enthalpy depends on temperature when the volume of a system is
held constant rather than the pressure. This is obtained by dividing both sides of
Equation 114 by dT and imposing the volume constraint on H, as shown in Equation 115.

Equation 115

 ∂H
 ∂H 
 = C p + 

 ∂T V
 ∂p

  ∂p 
 

 T  ∂T V

 ∂p 
The 
 term can be modified using the rule for cross partial differentiation, as
 ∂T V
shown in Equation 116.

Equation 116

 ∂V 
 ∂p 

 = −

 ∂T  p
 ∂T V

 ∂V

 ∂p



T
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It is useful to introduce the two measurable quantities, the isobaric coefficient of
thermal expansion, α (Equation 117), and the isothermal compressibility, κ (Equation
118).

1  ∂V 


V  ∂T  p

Equation 117

α=

Equation 118

κ =−

1  ∂V

V  ∂p



T

 ∂H 
 term of Equation 115, again
A similar modification can be performed on the 
 ∂p  T
using the rule for cross partial differentiation and recognizing the definition of Cp, as
shown in Equation 119.

Equation 119

 ∂H

 ∂p

 ∂T 
 ∂T   ∂H 

 C p
 
 = −
 = −
 ∂p  H
 ∂p  H  ∂T  p
T

The coefficient to the Cp term is defined as the Joule-Thomson coefficient, µJT, creating
the final form of Equation 115 shown in Equation 120:

Equation 120

α

 ∂H 
 = 1 − µ JT C p

κ
 ∂T V 

1.1.10 Heat Capacity
When energy is transferred to a system as heat the temperature of the system generally
increases. The relation between the amount of heat transferred and the temperature is
of practical importance. For an infinitesimal transfer, the change in temperature is
proportional to the heat transferred. This coefficient is commonly designated by C and
called the heat capacity or the specific heat. It depends on the size, composition and
mass of the system and is defined by Equation 121.
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Equation 121

C=

δq
dT

Since δq is not exact, C will depend on the path of transformation. Most transformations
take place at either constant pressure or constant volume. When this distinction is
important, a subscript p or v is added to indicate whether the heat capacity of a
constant pressure or constant volume process is used, respectively. The heat required to
bring a change of temperature dT is therefore CpdT or CvdT according to the constraints
imposed on the system.
Note that it is usually easier to do and control experiments at constant pressure than at
constant volume. This explains why experimental values of Cp are more accessible than
Cv in spite of the fact that it is easier to predict theoretical values of Cv rather than those
of Cp. This distinction can commonly be ignored for simple analyses of solid hydrogen
storage materials.
The constant volume heat capacity CV is given by the change in internal energy (U) with
respect to changes in temperature:
Equation 122

 ∂U 
CV (T , V ) ≡ 

 ∂T V

For a constant pressure process, heat capacity CP is given by the change in enthalpy (H)
as a function of changes in temperature:
Equation 123

 ∂H 
CP (T , P ) ≡ 

 ∂T  P

Consider a non-reactive system where the change in internal energy as a function of
temperature at constant volume. The change in internal energy (with rearrangement) is

Equation 124

T2

∆U =
∫ CV (T )dT
T1

Now, consider a change in temperature and volume of the substance. The process can
be broken into two separate processes, one with constant temperature the other at
∆U1
∆U 2
constant volume. This can be written as A(T1 , V1 ) 

→ A(T1 , V2 ) 
→ A(T2 , V2 ) ,
where the total change in internal energy from state 1 to state 2 is the sum of the
individual steps: ∆U total = ∆U1 + ∆U 2 . We can calculate ∆U 2 , by using the formula
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Equation 125

T2

∆U 2 =
∫ CV (T )dT
T1

How do we calculate the ∆U1 where there is a change in volume? For ideal gases and
(to a good approximation) liquids and solids, U depends only on temperature.
Therefore, for step 1 (which is isothermal) ∆U1 ≈ 0 . This holds true for all substances
except non-ideal gases. In summary

Equation 126

T2

∆U =
∫ CV (T )dT
T1

To summarize Equation 126 is valid with the following caveats:
Ideal gas: exact
Solids or Liquids: good approximation
Real gas: valid only if the volume (V) is constant
Now consider heating a substance at constant pressure and consider the resulting
change in enthalpy. Analogous to the internal energy, enthalpy depends strongly on
temperature. If ∆H is the change in enthalpy resulting from only a temperature change
at constant pressure then the heat capacity is defined as:

Equation 127

T2

∆H =
∫ CP (T )dT
T1

Following the same procedure as before, the change in enthalpy for a two-step process
∆H1
∆H 2
can be broken into A(T1 , P1 ) 

→ A(T1 , P2 ) 
→ A(T2 , P2 ) . The first step ( ∆H1 ) is an
isothermal pressure change. The internal energy has been shown to be nearly
independent of pressure (i.e., ∆U ≈ 0 ). Therefore, the enthalpy, ∆H =∆U + V ∆P ,
reduces to ∆H =V ∆P . Both U and H are independent of pressure for ideal gases.
Consequently, unless gases are at or above their critical pressures, it is normally safe to
assume both ∆U ≈ 0 and ∆H ≈ 0 for gases undergoing isothermal pressure changes. If
∆H is a function of pressure such that the ideal gas law assumption is invalid, then
tabulated values of ∆H (T , P) are needed or a thermodynamic relation is required. The
second step ( ∆H 2 ) is the isobaric temperature change, which by definition is

Equation 128

T2

∆H =
∫ CP (T )dT
T1
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Because enthalpy is a state function (just as internal energy is) the total enthalpy change
for the two-step process is ∆H total = ∆H1 + ∆H 2 . In summary the total enthalpy change
can be calculated as follows:

Equation 129

T2

∆H total =
∫ CP (T )dT
T1

To summarize Equation 129 is valid with the following caveats:
Ideal gas: exact
Real gas: exact only if the pressure (P) is constant
Solids and liquids: exact

Equation 130

T2

∆H total ≈ V ∆P + ∫ CP (T )dT
T1

Heat capacities are physical properties of materials, and are often tabulated in a variety
of reference works including Perry’s Chemical Engineering Handbook or can be found on
the web at NIST Chemistry Webbook. The units of heat capacity are energy per unit
amount per temperature. Specific heat capacity is the heat capacity on a per mass
bases, molar heat capacity is on a per mole basis, and volumetric heat capacity is on a
per volume basis (very rarely used). The temperature dependence on heat capacity is
often given in polynomial form. The form given in the NIST Chemistry Webbook is the
Shomate equation. There are simple relationships between C p and CV , two such cases
are C p ≈ CV (solids and liquids) and C p = CV + R (ideal gases) . Heat capacities can be
used to calculate entropies, enthalpies of reaction at temperatures other than 298K,
and consequently the Gibb’s free energy of reaction for temperatures other than 298K.

1.1.11 Joule-Thomson Effect
In thermodynamics, the Joule–Thomson effect (or Joule–Kelvin effect) is the
temperature change that a gas or liquid undergoes when it is forced through a small
opening without an exchange of heat with the environment.19,20 This procedure is called
a throttling process or Joule–Thomson process.21 The effect is named for James Prescott
Joule and William Thomson, 1st Baron Kelvin who discovered it in 1852 following earlier
work by Joule on Joule expansion, in which a gas undergoes free expansion in a vacuum.
At room temperature, all gases except hydrogen, helium and neon cool upon expansion
by the Joule–Thomson process. 227,228
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The adiabatic expansion of a gas may be carried out in a number of ways. The change in
temperature experienced by the gas during expansion depends not only on the initial
and final pressure, but also on the manner in which the expansion is carried out.
If the expansion process is reversible, meaning that the gas is in thermodynamic
equilibrium at all times, it is called an isentropic expansion. In this scenario, the gas does
positive work during the expansion, and its temperature decreases. It is important: to
understand that the cooling of a gas by pure isentropic expansion is not Joule-Thomson
cooling, although it is sometimes erroneously called this.
In a free expansion, on the other hand, the gas does no work and absorbs no heat, so
the internal energy is conserved. Expanded in this manner, the temperature of an ideal
gas would remain constant, but the temperature of a real gas may either increase or
decrease, depending on the initial temperature and pressure.
In the Joule-Thomson process a gas at high pressure expands into a region of lower
pressure via a valve or porous plug under steady state conditions and without change in
kinetic energy. Thus, enthalpy remains unchanged. The temperature can either increase
or decrease during this process. Each real gas has a Joule–Thomson (Kelvin) inversion
temperature above which expansion at constant enthalpy causes the temperature to
rise, and below which such expansion causes cooling. This inversion temperature
depends on pressure; for most gases at atmospheric pressure, the inversion
temperature is above room temperature, so most gases can be cooled from room
temperature by isenthalpic expansion.
The cooling or heating of the gas in Joule-Thomson expansion is caused by the
combination of the following two opposing physical mechanisms. The first is that, as a
gas expands, the average distance between molecules grows. Because of intermolecular
attractive forces (see van der Waals force), expansion causes an increase in the
potential energy of the gas. If no external work is extracted in the process and no heat is
transferred, the total energy of the gas remains the same because of the conservation
of energy. The increase in potential energy thus implies a decrease in kinetic energy and
therefore in temperature.
The second mechanism has the opposite effect. During gas molecule collisions, kinetic
energy is temporarily converted into potential energy. As the average intermolecular
distance increases, there is a drop in the number of collisions per time unit, which
causes a decrease in average potential energy. Again, total energy is conserved, so this
leads to an increase in kinetic energy (temperature).
Below the Joule–Thomson inversion temperature, the former effect (work done
internally against intermolecular attractive forces) dominates, and free expansion
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causes a decrease in temperature. Above the inversion temperature, gas molecules
move faster and so collide more often, and the latter effect (reduced collisions causing a
decrease in the average potential energy) dominates causing a temperature increase.
The rate of change of temperature T with respect to pressure P in a Joule–Thomson
process (that is, at constant enthalpy H) is the Joule–Thomson (Kelvin) coefficient μJT.
From Equation 131 μJT can be expressed in terms of the gas volume V, its heat capacity
at constant pressure Cp, and its coefficient of thermal expansion α as:
Equation 131

For an ideal gas, μJT is always equal to zero: ideal gases neither warm nor cool upon
being expanded at constant enthalpy.
All real gases have an inversion point at which the value of μJT changes sign. The
temperature of this point, the Joule–Thomson inversion temperature, depends on the
pressure of the gas before expansion.

Figure 169. Joule-Thomson coefficients for various gases at atmospheric
pressure. 229
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Helium and hydrogen are two gases whose Joule–Thomson inversion temperatures at a
pressure of one atmosphere are very low. Thus, helium and hydrogen warm up when
expanded at constant enthalpy at typical room temperatures.
In practice, the Joule–Thomson effect is achieved by allowing the gas to expand through
a throttling device (usually a valve) which must be very well insulated to prevent any
heat transfer to or from the gas. No external work is extracted from the gas during the
expansion. A typical application for the effect is the “Linde” technique, where the
cooling effect is used to liquefy gases (e.g. for the cryogenic production of liquid oxygen,
nitrogen, and argon). Only when the Joule–Thomson coefficient for the given gas at the
given temperature is greater than zero can the gas be liquefied at that temperature by
the Linde cycle. For this reason, simple Linde cycle liquefiers cannot normally be used to
liquefy helium, hydrogen, or neon.
The Joule-Thomson process (and consequently the coefficient, µJT of Equation 131) is of
particular interest for hydrogen storage measurement applications, since it is an
indication of how the temperature of a gas will change during an adiabatic expansion.
Because hydrogen is one of the only gases which has a negative µJT at room
temperature, if hydrogen expands at constant enthalpy, which will occur any time
hydrogen flows through a valve from a region of higher pressure to a region of lower
pressure, the temperature of the hydrogen gas will increase.
This is clearly a common process in many hydrogen storage measurements involving
dosing of gas. However, this heating effect is typically small compared to the transient
thermal (quasi-adiabatic) effects of a rapid expansion of hydrogen from one volume to
another. In the case of volumetric measurements, gas in the sample cell will experience
a brief increase in temperature in ad/absorption measurements due to compression and
a transient temperature drop with each desorption dose (expansion) of gas out of the
sample cell. To demonstrate that transient temperature (and thus pressure) excursion
are mainly due to quasi-adiabatic expansion rather than Joule Thompson heating,
measurements were performed in a Sievert’s instrument using 4 different gases (H2, He,
Ar, CO2). A thin (1/32”) Type-K thermocouple was inserted into the center gas space of
an empty sample cell. The temperature of the gas in the cell was monitored in time as
gas at a high pressure was dosed to the sample cell from one of the instrument’s
reservoirs followed by a release of pressure from the sample cell into the reservoir at a
lower pressure. The temperatures of the reservoir and sample cell were both at room
temperature during the measurements.
Figure 170 shows the change in gas temperature in the sample cell upon dosing and
releasing gas into the cell. The gas temperature in the sample cell increased on dosing
and decreased on releasing pressure from the sample cell independent of the gas. The
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Joule Thomson coefficients for H2 and He are negative and Ar, CO2 are positive under
the test conditions, therefore it is reasonable to conclude that Joule Thomson heating of
hydrogen does not play a significant role in the observed temperature variations. What
is important is that the temperature excursions were significant (2°C) and of relatively
long duration (up to 2 minutes) before thermal equilibrium was re-established.

Figure 170. Thermal effect of gas expansion to and from a Sievert’s
instrument’s sample holder for various gases at room temperature.
It is important to recognize that these transient gas-expansion temperature effects have
an impact on the initial sample temperature as well as the pressure readings in the
seconds (to minutes) following a gas dose. This, in turn, will have important
consequences on interpretation of data in hydrogen sorption PCT or kinetics
measurement. Specifically, the extrapolation of time resolve sorption capacity data back
to time=0.0 (the moment of the dose) or the evaluation or modeling of initial sorption
kinetics in such measurements can be subject to large errors. It is very difficult in this
time domain to de-couple actual gas sorption phenomena from transient gas expansion
effects.
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1.1.12 Enthalpy of Formation
Enthalpy H is defined as the sum of internal energy U and the product of pressure P and
volume V:
Equation 132

H = U + pV

Since internal energy is an arbitrary quantity which only has meaning relative to a
reference state, the same is true of enthalpy. For simplicity, the enthalpy of elements in
their most basic stable form is set to 0 at 298.15 K and 1 bar. For example, the stable
form of hydrogen is the molecule H2, not monatomic H. The standard enthalpy of
formation of a material, denoted ∆Hfo, is the difference in enthalpy between the
constituent elements in their most stable form and the enthalpy of the final product at
the standard temperature and pressure. ∆Hfo for H2 is therefore 0 kJ/mol. Note that this
determination of 0 enthalpy is arbitrary, so some materials will be more stable and have
a negative enthalpy of formation. Materials with a negative ∆Hfo release heat during
their formation, known as an exothermic process, while materials with a positive ∆Hfo
absorb heat during their formation, known as an endothermic process.
The enthalpy of a reaction is a more general term defined as the change in enthalpy
during a given reaction. The terms endothermic and exothermic are still applied to
reactions with a positive and a negative change in enthalpy as above.
It can be helpful to explicitly write out the reaction from which the enthalpy of
formation is calculated, as shown in Equation 133 for magnesium hydride. Note that the
chemical state of the elements is often included. For elements that have more than one
common form, the exact state is often specified. For example, the standard state of
carbon is graphite, not diamond.
Equation 133

Mg ( s ) + H 2 ( g ) ↔ MgH 2 ( s )

The standard enthalpy of formation can not always be directly measured, since many
compounds cannot be formed simply by combining their constituent elements. In such
cases, the overall enthalpy of formation can be determined when it is divided into
chemical reaction steps that are individually easier to measure. This method is based on
Hess’s law.
Hess's law states that the energy change for any chemical or physical process is
independent of the pathway or number of steps required to complete the process
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provided that the final and initial reaction conditions are the same. In other words,
energy change is path independent, only the initial and final states being of importance.
This follows from the principle of conservation of energy and is expressed in the first law
of thermodynamics.
Thus, Hess's law allows the enthalpy change (ΔH) for a reaction to be calculated even
when it cannot be measured directly. This is accomplished by performing basic algebraic
operations based on the chemical equation of reactions using previously determined
values for the enthalpies of formation.
Hess's Law states that enthalpy changes are additive. Thus the ΔH for a single reaction
can be calculated from the difference between the heat of formation of the products
and the heat of formation of the reactants:
Equation 134

o
o
o
= ∑ ∆H f(products
∑ ∆H reaction
) − ∑ ∆H f(reactants)

where the o superscript indicates standard state values.
If the net enthalpy change is negative (ΔHnet < 0), the reaction is exothermic and is
more likely to be spontaneous; positive ΔH values correspond to endothermic reactions.
Entropy also plays an important role in determining spontaneity, as some reactions with
a negative enthalpy change are nevertheless spontaneous.
As an example, the standard enthalpy of formation for complex hydride materials such
as sodium borohydride NaBH4 can not be determined by direct reaction of its elemental
components (Equation 135). However, NaBH4 is often formed from sodium borate
NaBO2. Thus, the heat of formation can be determined from the is determined from the
heat of hydrolysis (Equation 136 and Equation 137), where the enthalpy of formation of
NaBO2 is given by the elemental reactions presented in Equation 137.
Equation 135

Na ( s ) + B( s ) + 2 H 2 ( g ) ↔ NaBH 4 ( s )

Equation 136

NaBH 4 ( s ) + 2 H 2 O(l ) ↔ 4 H 2 + NaBO2 (aq )

Equation 137

∆Hf(NaBH4) = ∆Hf(NaBO2) - ∆H(hydrolysis)

Equation 138

NaB02 ↔ Na + B + O2, O2 ↔ 2O, and 2H2 + 2O ↔ 2H2O
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The enthalpy of formation is often presented in terms of energy per mole of product.
However, in reversible hydrogen storage studies, it is the enthalpy of de/hydrogenation
that is of interest, and this is more commonly presented as energy per mole of H2. Note
that the enthalpy of formation and the enthalpy of de/hydrogenation is not always the
same if the reaction involves other products than just a hydride.
1.1.13 Entropy of Formation
Another important thermodynamic property is the entropy of formation, ∆Sfo. Unlike
standard enthalpies of formation, the value of standard entropy S° is an absolute. In
other words, an element in its standard state has a nonzero value of S° at room
temperature. According to the third law of thermodynamics, the entropy of a pure
crystalline structure can be 0 (J/molK) only at 0 K. However, this could only be true for a
'perfect crystal' without any frozen in entropy (defects, dislocations), which is never
completely possible because crystals always grow at a finite temperature.
Changes in entropy are associated with phase transitions and chemical reactions.
Chemical equations make use of the standard molar entropy of reactants and products
to find the standard entropy of reaction:

ΔS°f = S°products – S°reactants

Equation 139

The standard entropy of reaction helps determine whether the reaction will take place
spontaneously. According to the second law of thermodynamics, a spontaneous
reaction always results in an increase in total entropy of the system and its
surroundings:

ΔStotal = ΔSsystem + ΔSsurroundings > 0

Equation 140

1.1.14 Free Energy
From the 1st law of thermodynamics:
Equation 141

dU = dq + dw

Page 361 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 4: Thermodynamic Measurements

Where, U is the internal energy, q is the heat transferred to the system from the
surroundings, and w is the work done on a system by the surroundings. A system that is
at constant temperature and pressure, does only pV work. Since p is constant the only
work that is done is expansion work:
Equation 142

dw=-pdV

At equilibrium, and with fixed a composition (i.e. no addition of material) the change in
heat flow to the system q is proportional to the temperature T and the change in
entropy S:
Equation 143

dq = TdS

From Equation 141 the internal energy is a function of entropy and volume:
Equation 144

dU = TdS - pdV

From Equation 132 the change in Enthalpy (H) is given by:
Equation 145

dH = dU + pdV

The Gibbs Free energy (G) is that portion of the total system energy that is available for
useful work (non-PV work). When T and P are constant, we can use Gibbs expression for
free energy.
Equation 146

dG = dU + pdV - TdS

or
Equation 147

dG = dH - TdS

The driving force of a reaction is dG and is comprised of two parts, change in enthalpy
(dH) and change in entropy (dS). The magnitude and direction of the driving force
depends on the magnitude and direction of dH and dS. Neither by themselves controls a
reaction.
For a reaction proceeding in incremental amounts toward equilibrium, the change in the
total Gibbs free energy is proportional to ∆G, where
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Equation 148

∆G = (ΣxiGi)products – (ΣxiGi)reactants

Where xi is the stoichiometric coefficient and Gi is the free energy per mole of each
chemical component. The sign of the Gibbs free energy tells us if a reaction will happen,
and in what direction.
∆G < 0, and GTotal decreases as the reaction proceeds. Thus, the reaction is spontaneous.
∆G = 0, the reaction is at equilibrium (has stopped) and GTotal is at a minimum.
∆G > 0, the reaction is not spontaneous, but proceeds in the opposite direction.

1.2 Thermodynamics of On-board Reversible Hydride Materials
On-board reversible hydrides for hydrogen storage cover a wide range of materials
including: various intermetallic metal hydrides, complex metal hydrides, amides, and
destabilize hydride mixtures consisting of two or more reactants (one or more of which
is a hydride), etc. What is important is that these materials chemically react with
hydrogen to store atomic hydrogen and are able to release hydrogen in a reversible,
mildly endothermic desorption or decomposition. Baring kinetic limitations, on-board
reversible hydrides should be able to be exothermically rehydrogenated under
reasonable temperature ( < 300°C) and pressure ( < 200 bar) conditions.
A considerable amount of research has been done on interstitial intermetallic
compounds (IMCs). These represent a specific class of hydrides that can be obtained by
the direct reaction between single phase solid metals, alloys, or metallic compounds and
hydrogen gas. This class of hydrides provides good examples of the most pertinent
aspects of the complex thermodynamics of hydrogen storage using on-board reversible
hydrides.
1.2.1 Metal Hydride Phase Diagrams

It is instructive to begin examining the thermodynamics of on-board reversible hydrides
with a discussion of metal-hydride phase diagrams. A phase diagram is a 2-D or 3-D plot
comparing thermodynamic variables, usually including lines representing equilibrium
states and/or phase boundaries. Usually, phase diagrams consist of a 2-D projection of
this 3-D parameter space. Metal hydride phase diagrams typically represent 2-D
projections of isotherms of temperature, onto a plot of gaseous hydrogen pressure in
equilibrium with the metal and/or hydride versus hydrogen concentration in the metal.
The phase diagram now represents the phases containing hydrogen in the metal lattice.
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PCT measurements, discussed in previous sections of this document, are therefore a
useful tool for constructing phase diagrams. Figure 171 is an example of PCT
measurements used to construct a phase diagram for the Pd-H system. Here the PCT
measurements are represented by symbols on a solid line. The phase boundaries are
plotted as a single curved dashed line which separates hydrogen dissolved in Pd metal
on the exterior left portion of the curve (blue), hydrogen dissolved Pd hydride on the
exterior right portion (red) of the curve and the two-phase hydrogen-metal solid
solution and hydride in the center region (purple).

Figure 171. Example of a phase diagram for the Pd-H system determined from
230
PCT measurements.

At low pressure and concentration, hydrogen is typically present in solid solution,
termed the α-phase. This can be seen on the left hand side of Figure 171 as the region
of increasing pressure in the PCT plots (blue area). Hydrogen continues to be absorbed
into the metal as pressure is increased, until eventually H-H interactions become
important, At this point a hydride, denoted the β-phase or the β hydride phase, is
formed locally by the occupation of particular interstitial lattice sites. The nucleation
and growth of the β-phase may occur at free surfaces, at inter-grain boundaries, or
throughout the bulk of the metal, depending on nucleation and diffusion mechanisms.
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Under idealized equilibrium conditions, the hydrogen gas pressure reaches a constant
pressure at which the hydrogen gas, α-phase and β-phase are all in equilibrium. This is
observed as a plateau in the PCT diagram. Thus, the existence of an equilibrium plateau
signals the co-existence of the two phases, similar to the plateau of the familiar water
phase diagram. This two phase (α-phase and β-phase) region is the purple area in the
Pd-H phase diagram above. As the β-phase grows the sample’s total hydrogen content
increases. Eventually all of the α-phase is transformed into the β-phase, represented by
the intersection of the PCT curve with the rightmost side of the dashed line (red area in
Figure 171). The pressure again rises and the overall hydrogen concentration continues
to increase as hydrogen is dissolved as a solid solution in the β hydride phase. Above the
critical temperature (shown here as 298°C for Pd-H) there is a smooth transition from
the α-phase to the β-phase.
The slope and length of the equilibrium plateau is of particular importance for hydrogen
storage applications. A flat plateau enables the reversible uptake and release
(commonly referred to as absorption and desorption) of hydrogen from a metal simply
by raising or lowering the surrounding hydrogen pressure above or below the plateau
pressure. In raising the pressure or by heating and cooling the material. Hydrogen is
absorbed in forming the β-hydride phase. Hydrogen is released by lowering the pressure
or heating the material transforming the hydride back into the α-phase. This change in
pressure (or temperature) can be minor (1 to 2 bar for the classic alloy LaNi5 at 22°C)
compared to the pressures needed to store a significant amount of hydrogen by
pressurization (200 bar). The length of the plateau determines how much hydrogen can
be reversibly stored in a metal hydride. The ease with which this amount of hydrogen is
reversibly absorbed or desorbed is a different matter entirely, and it involves not only
the thermodynamic stability of the hydride but also the kinetic mechanisms that control
the rates of hydrogen uptake and release. The thermodynamic stability is determined by
the enthalpy of formation, which will be discussed in the next sections.

1.2.2 Free Energy of Formation

The potential energy of a hydride is closely related to its domain of stability which can
be obtained from the knowledge of the free energy of formation of the hydride. For a
metal or any IMC, the hydrogenated form is an ordered phase, as opposed to the solid
solution where H atoms are randomly distributed on the available interstitial sites.
Thus, the free energy of formation of the hydride compound may be defined as
the free energy of reaction for the reaction between one mole of hydrogen gas with the
pure metal (or IMC). Consequently the corresponding hypothetical reaction of
formation is written as:
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Equation 149

2 xM (solid )+ H 2 ( gas ) → 2 M x H ( solid )

For the standard conditions, pure M (metal, alloy, or intermetallic compound) and H2
gas at 1 bar pressure, one obtains:
Equation 150

ΔG Of (2 M x H ) = ΔGr (n )

O

Here, ΔG f represents the standard free energy of formation which is equal to the free
energy of reaction ΔGr for the MxH compound at the temperature T.
Equation 149 is for an idealized reaction between hydrogen and a metal. For many
metal (and intermetallic) hydrides, the hydride phase begins to form at the limit of a
saturated solid solution. Often heats of formation are reported from plateau pressure
data that does not take the heat of solution into account (see next sub-section). In
addition the enthalpy of uptake and release of hydrogen are generally not identical
(hysteresis). On-the-other-hand, while equating measured enthalpies to the free energy
of formation is not necessarily correct; it nevertheless may be used as a first
approximation to compare stability differences between hydrogenated compounds.
Unfortunately, this approximation with these fundamental discrepancies has become
common practice for many reported values of the free energy of formation of hydride
compounds. It is the recommendation of this document that such measured (van ‘t
Hoff) values be reported as enthalpies of reaction (from solid solution or another
hydride) and state whether they are made from equilibrium absorption or desorption
measurements.

1.2.3 Reversible Phase Transformations

In the following we assume that the hydrogenation reaction obeys the Gibbs
thermodynamic, which states that the thermodynamic equilibrium must be reached
under reversible conditions. A diagram of the hydrogen-metal-hydride phase diagram is
depicted in Figure 172.
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Figure 172. Ideal case, reversible conditions. Top-Left) isotherm in which
hydrogen induces a structural change, Middle-Left) isotherms in which the
structure is maintained. Right: van ‘t Hoff plot. The line must stop at Tc.
231
Bottom-left) Heat evolved during the abs/des processes.
On the right side of the figure the diagrams describes the solid solution formation with
increasing hydrogen concentration (x=H/M) whose domain depends on the temperature
and also on the endo- or exothermic character of the reaction. At the phase boundary
'a' the solid solution is saturated and further hydrogen absorption causes the hydride
phase to precipitate. At the composition 'b' all the solid solution has been transformed,
the single phase hydride MHb remains. At 'b', all the 'accessible' interstitial sites of the
MHb phase are filled but further hydrogen absorption may be obtained depending on
the applied pressure and temperature conditions. Then a non-stoichiometric compound
will be formed. This could be described equally as well, as a new solution of hydrogen in
the non-stoichiometric compound.
For isothermal conditions and assuming the formation of only one hydride,
hydrogenation of the compound is described by the following reactions, where a and b
(atomic ratio) are the phase boundary compositions. These equations are for
equilibrium conditions where gaseous hydrogen H2(g) is in equilibrium (p=peq) with the
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solid phases: solid metal (or alloy, or intermetallic) phase M(s), the hydrogen in metal
solid solution phases MHα(s), the solid hydride phase MHβ(s), and hydrogen in solution
in the solid hydride phase MHδ(s). Note that the labeling of the α-phase and β-phase
here refers to the solid solution and hydride phases, but in fact, can be any hydride
phases that coexist.
The equilibrium state between gaseous hydrogen, the metal and the hydrogen-metal
solid solution at composition Xα is given by:

Equation 151

M (s) +

xα
H 2 (g , peq < p plat ) ↔ MH xα ( s )
2

Where the equilibrium pressure (Peq) is below the hydride formation pressure (Pplat)
(i.e. Peq < Pplat).
At the limit of saturation of hydrogen in the metal solid solution phases Xα = a and
Equation 151 becomes:

Equation 152

a
M ( s ) + H 2 (g , peq = p plat ) ↔ MH a ( s )
2

At this point (Peq = Pplat) and the hydrogen gas phase is in equilibrium with α-phase solid
metal-hydrogen solution and the solid β-phase metal-hydride. The coexistence of the
two solid phases is called “the two phase region” and equilibrium is described by:

Equation 153

MH xα ( s ) +

xα − xβ
2

H 2 (g , peq = p plat ) ↔ MH x β ( s )

At the limit of complete conversion of the α-phase to the β-phase metal-hydride Xβ = b
and Equation 153 becomes:

Equation 154

MH a ( s ) +

b−a
H 2 (g , peq = p plat ) ↔ MH b ( s )
2
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As hydrogen from the gas phase continues at higher pressures (Peq > Pplat) to form a
hydride-hydrogen solid solution phase Xβ = b :
Equation 155

MH b ( s ) +

xδ
H 2 (g , peq > p plat ) ↔ MH x b+δ ( s )
2

The thermodynamic behavior related to the three reactions (Equation 151, Equation
153, and Equation 155) follows the Gibbs phase rule. Thus, for Equation 151 where two
elements are present (hydrogen and one homogeneous compound) and two phases
(solid and gas phases), the variance of the system is equal to two. Therefore, the
hydrogen concentration in the solid phase increases as the hydrogen pressure is
increased. The formation of a new phase (hydride in Equation 153) reduces the variance
and, thus, the system looses a degree of freedom. This means that under equilibrium
conditions the hydrogen pressure remains constant during the transformation while the
overall hydride composition of the system increases. The equilibrium hydride formation
pressure is generally referred to as the plateau pressure (Pplat).
For most applications, it is preferable that the hydrogen content of the solid solution
should remain small and the plateau pressure of hydride formation should be flat to
optimize and simplify the management of the hydrogen gas uptake and release.
At the phase boundaries (a and b), it is assumed that the system is in equilibrium. In the
case of chemical equilibrium, the equality between the chemical potentials (μ) leads to
α

the following relationships between the saturated solid solution ( μ M ), the hydride
β

phase ( μM ), and the gaseous hydrogen phase ( μH ).
2

Equation 156

Equation 157

α
( p,T,a ) = μMβ ( p,T,b )
μM

μ Hα ( p,T,a ) = μ Hβ ( p,T,b ) =

1
μ H ( p,T )
2 2

and for the two phase region assuming hydrogen is an ideal gas,

Equation 158

μ Hα = μ Hβ =

1
1
μ H =  μ Ho + RTlnp plat 

2 2 2  2
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or after rearranging and introducing the relative chemical potential Δμ plat for the
reversible transformation α ↔ β one obtains:
Δμ plat = μHα −

Equation 159

1 o
1
1
μH = μHβ − μHo = RTlnp plat
2 2
2 2 2

The relative chemical potential, Δμ plat , corresponds to the Gibbs standard free energy
for Equation 153 with hydrogen gas at 1 atm pressure and MHa and MHb in the
standard state.

ΔG = Δμ plat

Equation 160

A chemical reaction will proceed in the direction of lower Gibbs free energy (∆G <0).
Thus, ∆G determines whether the reaction will be spontaneous or not. From Equation
159 the products and reactants are in equilibrium when there Gibbs free energy of each
are equal. From this, the well known relationships for the enthalpy (∆Hplat) of the phase
transformation α ↔ β are realized:

 ΔG 
d

T 

ΔH plat =
1
d 
T 

Equation 161

and from Equation 159.
Equation 162

ΔH plat
R

=

1 dlnp plat
2 1
d 
T 

Equation 162 is one form of the equation that is referred to as the van ‘t Hoff equation
and relates the amount of heat evolved during the formation of a hydride to the plateau
pressure. This relationship is illustrated in the right hand diagram of Figure 172.
Another more commonly used form of the van ‘t Hoff equation is found by expressing
the change in Gibbs free energy ∆G in terms of the change in enthalpy ∆H and entropy
∆S (from Equation 147) such that:
Equation 163

ΔG = ΔH − T∆S = Δμ plat =

1
RTlnp plat
2
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Or equivalently:

∆H f ∆S f
1
ln ( p plat ) =
−
2
RT
R

Equation 164

With knowledge ∆Sf and ∆Hf, it is possible to determine the relationship between
temperature and equilibrium pressure of hydride formation. By assuming that the
change in entropy was mainly due to the change from H2 gas to H in solid solution in the
metal (i.e. a ∆S of ~130 kJ mol-1), Gremaud et. al determined the ideal value of ∆Hf for
Mg2Ni system as -39.2 kJ/mol H2 for a dissociation pressure of 1 atm at 300 K. 232, 233 A
better standard might be the DOE targets, which require a dissociation pressure of 3 bar
at 85oC. This yields a slightly easier target of ∆Hf = -43.3 kJ/molH2.
This target will be valid for any procedure to reduce ∆Hf that does not significantly
change ∆Sf. Note however, that this is not always the case. The contribution of the
entropies of solid reactants and products to the overall entropy change is generally
overlooked in most conventional metal hydride systems, where gaseous H2 is the main
234
source of the entropy change. However, in complex hydrides containing light
elements (Li, B, N, etc.), the entropies of solid reactants and products can contribute
significantly to the overall entropy change. As an example, the decomposition of
Mg(BH4)2 to MgH2, B and H2 involves an entropy change of 91.3 J/K mol-H2 rather than
130.7 J/K mol-H2 (the entropy of H2); ~ 29.4 J/K mol-H2 is from the entropies of solid
235
reactants and products. In fact, a 10% variation in entropy change will result in a
difference in temperature of a few tens of degrees Kelvin. Thus, the thermodynamics of
decomposition / recombination hydrogen storage material systems that involve light
element hydrides as one of the discharged state products, may be strongly effected by
the entropy of formation of these products. A notable example is LiH which has an
entropy of formation of ∆So = 20.04 (J /K mol-H2). 236 Because of the low ∆S the
corresponding ∆Hf for systems involving LiH or other light elemental hydrides may be
higher than the -43.3 kJ/molH2 to produce an equivalent equilibrium pressure of 3 bar at
85oC. This may be an important consideration in not only in the development of new
storage materials, but also in the heat transfer requirements of storage systems using
such materials.
1.2.4 Van ‘t Hoff Plots
Van ‘t Hoff plots are a commonly used method for determining the thermodynamics
properties of hydrogen storage materials. The one caveat is that they can be used only
when reversible hydrogen uptake and release occur at pressure and sample
temperatures within the range of the measurement equipment. Hydriding
measurements have been performed at very high pressures. An example of which is the
attempts to hydrogenate Al to form AlH3. Baranowski and Tkacz claimed to form AlH3
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from Al metal using high-pressure hydrogen (28 kbar) at 300 °C 237. However this
pressure is much too low in view of the free energy of formation for AlH3 via the direct
reaction of Al metal with hydrogen gas.238 While this method is the most direct the
hydrogen pressures required are much too large to be practical for any application (28
kbar is approximately thirty times the pressure at the bottom of the Mariana Trench, 11
km below sea level). In most laboratory environments, typical van ‘t Hoff pressure
measurements are made in a range of pressures between a millibar and up to 200 or
perhaps even 300 bar.
Van ‘t Hoff plots are generally generated from a series of PCT measurements at various
temperatures. The “equilibrium” desorption plateau pressure from each isotherm is
plotted on a log scale vs. the inverse of temperature, as shown in Figure 173. The slopes
of all of the hydride materials presented in Figure 173 are negative, as expected,
indicating endothermic dehydrogenation reactions. Also note that the x-axis is
presented in terms of 1000/T, as is commonly done for simplicity. The van ‘t Hoff
equation, (Equation 164) can be used to relate the slope to the enthalpy of reaction and
the y-intercept to the entropy of reaction.

Figure 173. Example Van ‘t Hoff Plot
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Van ‘t Hoff plots are also useful for comparing the operating temperature and pressure
of various materials. The boxed area in Figure 173 shows the materials which fall in the
desired operating range for PEM fuel Cell applications. It is important to keep in mind
that while a material may look favorable on a van ‘t Hoff plot, no information is given for
the storage capacity of the materials. For example, LaNi5H6 has favorable
thermodynamic properties, but a theoretical storage capacity of only 1.38 wt.%.
A van ‘t Hoff plot contains a lot of valuable information, but only if constructed properly.
Figure 174 demonstrates the standard process for generating a van ‘t Hoff plot from a
3
series of PCT measurements. There are a few interesting aspects highlighted in this
figure which merit further discussion. First, note that all of the points used in the van ‘t
Hoff plot are taken from a point on the pressure plateau corresponding to the same
hydrogen concentration. A common choice is the center of the pressure plateau. This
consistency is particularly important for materials which exhibit sloping plateaus.

Figure 174. Example of the construction of a van ‘t Hoff plot from a series of
PCT measurements.
While reversible decomposition-recombination chemical hydrides, as well as many
metal hydrides show a flat pressure plateaus, many other metal hydrides show a large
slope even under equilibrium conditions. The slope of the plateau is due to lattice
defects or atomic disorder. In general, a higher degree of disorder will lead to more of a
slope in the equilibrium pressure. An extreme example is shown in Figure 175
comparing PCT measurements of crystalline and amorphous Zr50Ni50. The crystalline
sample shows only a minor slope, while the amorphous material has such an extreme
slope that essentially no plateau is observable.
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Figure 175. PCT plots for amorphous and crystalline Zr50Ni50. The amorphous
measurements do not show a pressure plateau.99
For such materials it may be difficult to produce a van ‘t Hoff plot in the traditional
sense of taking pressures from mid-plateau PCT measurements. Many properties of
hydrogen in amorphous metals, such as the ‘plateau-less’ appearance of the PCT
measurements, can be understood in terms of a density distribution of these interstitial
site energies n(μ). 239,240,241 In other words, the number of sites within an energy interval
of μ to μ+dμ which are occupied by hydrogen. This distribution was referred to as the
242
density of states (DoS) function in Kirchheim’s original work on the subject. The DoS
can be determined directly from PCT measurements by taking the derivative of the
hydrogen concentration (C) with as a function of the pressure (lnP):

Equation 165
It may then be possible to use the maximum in the DoS to define a pressure that
represents the average equilibrium van ‘t Hoff pressure. Thus, plotting and comparing
average enthalpies of formation for various amorphous hydrides.
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A very important consideration is that the slope of the van ‘t Hoff plot, as implied by
Equation 164, is linear and negative when the pressure is plotted on a log scale versus
the inverse of temperature. However, the van ‘t Hoff equation is an approximation, so
not all measured profiles will fit a linear profile. One of the most important assumptions
is that the enthalpy of formation is independent of temperature. If nonlinear effects
appear to be important, the nonlinear integrated form of the van ‘t Hoff equation
shown in
Equation 166 can be used. 243

Equation 166

 Peq 
T 
 = ∆H To0 − T∆STo0 + ∆C Po (T − T0 ) − T∆C Po ln 
RT ln
 P0 
 T0 

In
Equation 166, T0 is an arbitrary reference temperature. Another important aspect of
constructing van ‘t Hoff plots from PCT curves that is not shown in Figure 174 is whether
the pressure plateau points are taken from absorption or desorption measurements.
These values will typically differ due to hysteresis, even if perfect equilibrium is
achieved. Lower plateau pressures are obtained from desorption measurements than
absorption measurements. The specific application will determine whether absorption
or desorption points are preferred, but desorption points are more commonly reported.
This is because the desorption temperature is one of the most important variables
affected by the thermodynamics. With limited fuel cell or ICE waste heat available on
board a vehicle, materials development often aims at attempting to reduce the enthalpy
of reaction in order to lower the required desorption temperature.
Some important considerations in the construction of a van ‘t Hoff plot from PCT
measurements:
Because PCT plateaus are often sloping it is critical to take the equilibrium pressures of
each isotherm at the same hydrogen concentration.
With respect to these plateau pressures, it is important to ensure that the hydrogen
concentration at which the equilibrium plateau is measured is still within the two-phase
region of the hydride of interest. For example, at an equivalent hydrogen concentration
of 3 H/f.u. (hydrogen per formula unit) for LaNi5H6 appears to be mid-plateau between
the α- and β-phase, but this is right at the concentration at which the γ-hydride phase
LaNi5H3 is formed. Thus, P-equilibrium measured at this concentration may belong to
the γ-hydride or the β-hydride or in between. In other cases, at higher temperatures as
the two-phase region narrows (typically asymmetrically) a fixed hydrogen concentration
may fall into the single-phase α solid solution or β hydride phase and the equilibrium
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pressure measurement will not represent a valid phase transition point on the van ‘t
Hoff plot.
It is very important in making PCT or other measurements to ensure that equilibrium
has actually been achieved. A plateau pressure measurment is meaningless for the
construction of a van ‘t Hoff plot if the sample is still (albiet slowly) absorbing or
desorbing hydrogen. The best way to confirm equilibrium at a steady temperature is to
observe the change of pressure with time. The measured pressure will assymptotically
approach equilibrium. A good rule of thumb is to assume that equilibrium has been
essentially reached when the pressure has approached 98% of the assymptotic value.
For many hydrogen sorption materials, the kinetics of absorption or desorption or both
may be so slow that it is not reasonable to wait the amount of time that it would take to
reach 98%. In this case, it is not uncommon to take enough data to be able to
extrapolate (with and exponential or double exponential fit of the data) to a final
assypmtotic value and use this value for the van ‘t Hoff plot. This is somewhat
controversial in that it is not actually a measured data point, but may be one option for
materials with extremely slow kinetics. Certainly, it is clearly necessary to report such an
extrapolation in detail in any publication of thermodynamics data so obtained.
Interstitial metal hydrides that form from hydrogen and a single phase metal,
intermetallic compound, or metal alloy (Mg, Pd, LaNi5, MmNi5…) will have different
equilibrium plateau pressures for absorption and desorption (hysteresis). This is
explained in detail in the next section. The difference in plateau pressures and
consequently the enthalpy and entropy of formation can be significantly different for
absorption and desorption. For this reasion is it extremely important in reporting these
values and van ‘t Hoff data to specify whether the data was derived from absorption or
desorption measurements.
It is equally important to note that such hysteresis is not present in hydrides formed
from multiple constituents (NaH+Al+H2 → Na3AlH6….) and the tranformation from
reactants to products in these chemical formation/decomposition hydrides takes place
at discrete hydrogen concentrations corresponding to the stoichiometric hydride. That
is, there is little to no solubility of hydrogen in such hydrides. Never-the-less, reported
results should indicate whether data was collected during absorption or desorption
measurements.

1.2.5 Irreversibility Associated with Phase Transformations
In the idealized reversible hydride reaction, the plateau pressure is correlated to a
reversible heat evolved (absorbed) during the process of formation (decomposition) of
the hydride. However, one of the main causes of errors in measuring or ascribing
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measured values to the thermodynamic stability of hydrides comes from the
irreversibility associated with the hydride transformation.
The thermodynamic behavior of real systems is far more complex than the idealized
one. This is due in part to hysteresis which is present in most first order phase
transitions, and also with difficulties in operating under isothermal conditions. The
intrinsic property of hysteresis introduces meta-stabilities in the system, and significant
experimental constraints have to be applied, to avoid artifacts in the thermodynamic
studies of hydrogenated powdered materials.
To better understand the impact of intrinsic hysteresis, it is important to first review the
ideal, i.e. reversible and at equilibrium, scenario with no hysteresis for a standard
intermetallic hydride. The Gibbs phase rule gives a variance of one for two components
and three phases, H as a gas and two solid phases of an intermetallic hydride before and
after reaction with hydrogen. This was presented in Equation 153 in the previous
section describing the reaction occurring along the plateau of an isotherm, where a is
the hydrogen content at the left boundary, i.e. that of the α-phase, and b is the
hydrogen content at the right boundary, i.e. that of the β-phase. This description
produces a single reversible isotherm for a given temperature, such as that shown in
Figure 174.
However, in real systems hysteresis is present, and the plateau pressure for the
absorption and desorption reaction will differ, and a different version of Equation 153
must be written for each case. Furthermore, the end points a and b will no longer
match, and a different phase diagram must be drawn for the absorption and desorption
reaction, clearly leading to a different enthalpy of reaction for each case. The plateau
regions in this case can only be described as metastable since the equilibrium states are
unknown due to hysteresis and sloping plateau effects. Stationary metastable states and
reproducibility is possible in theory by finding a set of parameters that generate a
constant minimum entropy production per cycle, but this has proved difficult in
practice.
Hysteresis in the α → β transformation can be described in more detail with the help of
Figure 176 where x is considered an independent variable. At the point A, increasing x
will cause the system to follow the 'AB' path. Below x1, the system is stable, between x1
and x2 , the system is metastable. The transformation occurs at x2 according to the 'BC'
path. When the direction is reversed from x2 to x1, the y variable follows a different
route because the system is not reversible. The system moves through the metastable β
states from C to D. The β → α transformation will start at D. For metal-H system, x
represents pressure and y the composition, ABCD represents a complete hysteresis
cycle (loop).
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Figure 176. Hysteresis cycle (where x is an independent variable).

It should be noted that the definition of the cycle must obey two main criteria:
i the cycle must be described through quasi-static steps
ii) the path followed during the production of n cycles must be reproducible, because
hysteresis is an intrinsic property of the system.
This unambiguous definition of the cycle is neglected in many thermodynamic studies.
Note that severe experimental constraints on the control parameters of the reaction
must be respected to achieve reproducibility of these hysteresis loops. It is clear that
non re-reproducibility may cause dramatic differences in the determination of the heat
of transformation and consequently on the estimation of the heat of formation.
Most of the time, thermodynamic characterizations of MH systems are carried out using
Sievert's type equipment, sometimes using a coupled volumetric device with a
calorimeter. If the discussion of such measurements is restricted to the pressure
hysteresis (excluding sloping plateaus) then an ideal case of flat plateaus is presented
schematically in Figure 177, for an isothermal case.
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Figure 177. Ideal hysteresis in an isothermal plot of lnP = f(composition).
For a closed cycle (A,B,C,D,A in Figure 177), the different thermodynamic paths followed
during the absorption and desorption processes produce:
Equation 167

aab > ades

Pab > Pdes

bab > bdes

The consequence of this is that the single reaction of Equation 153 does not hold
anymore and must be replaced by the two following reactions:
B→C) for the hydride formation from the saturated solid solution,

Equation 168

1
1
1
MH a (ab ) + H 2 (Pab , gas ) →
MH b (ab )
2
ba − aa
ba − aa

D→A) for the hydride decomposition,

Equation 169

1
1
1
MH b (des ) →
MH a (des ) + H 2 (Pdes , gas )
2
bd − ad
bd − ad

As a result, separate free energies of transformation are obtained for absorption and
desorption:
Equation 170

ΔG α → β =

1
RTlnPab
2

ΔG β → α =

1
RTlnPdes
2
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The difference in the pressure plateau for absorption and desorption measurements will
clearly have an effect on the van ‘t Hoff plots generated from PCT measurements
producing different van ‘t Hoff plots for absorption and desorption as illustrated in
Figure 178.

Figure 178. Absorption and Desorption van ‘t Hoff plots.
This leads to separate enthalpies of transformation for absorption and desorption:

Equation 171

ΔH α → β 1 dlnPab
ΔH β → α 1 dlnPdes
and
=
=
2 1
2 1
R
R
d 
d 
T 
T 

This may be quite important with respect to actual applications. In some cases (mobile
applications) the pressure and temperature (and heat requirements) of desorption may
be the critical determining factor of a materials performance. Whereas, in other cases
(heat pumps….) the enthalpy of one or both absorption and desorption will have an
important impact on the operation of a system.
There is no reason why the enthalpies calculated from the derivation of the free energy
should be equal. This will be the case only for a restricted ideal hysteresis loop (as
described above, with flat plateaus). At this point, it is crucial to understand that
enthalpies for a reversible hydride material derived from PCT measurements are
meaningful only if it has been experimentally demonstrated that the criteria for cycle
reproducibility have been respected. From the intrinsic material properties perspective,
this means that the material has been through sufficient activation cycles that
sequential PCT isotherms are essentially identical. From the experimental measurement
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perspective, it means that measurement errors or artifacts are insignificant with respect
to the desired accuracy of the determined enthalpies. If not, then it is not surprising that
the thermodynamic data will differ. Moreover, equilibrium states are never truly
reached. Proceeding with the quasi-static steps to describe a cycle, simply means that it
is possible to access the most stable meta-stable state, and not more than that.
The corresponding transformation enthalpies measured directly with a calorimeter do
not include the extra energy 'cost' contained in the free energy term. This explains why
the enthalpies should be equal (within the experimental error of the equipment) for
absorption and desorption. The free energy loss along the cycle is lost to the external
world in the form of heat. It can be demonstrated that it is part of the total entropy
production of the cycle, and surprisingly it is lost in the two reversible branches AB and
CD of the cycle (Figure 177).
One of the merits of physisorption materials lies in the full reversibility of hydrogen
adsorption generally without significant hysteresis, which can be attributed to their low
heats of adsorption typically less than 15 kJ/mol. However, hysteresis in H2 adsorption /
desorption have been observed in some MOFs. This has been explained by expansion
and contraction due to flexibility in the framework structure. 244

Figure 179. Hydrogen adsorption hysteresis observed in the flexible MOF
materials Co(1,4-benzenedipyrazolate).244
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1.2.6 Entropy Analysis
Hysteresis introduces an additional degree of freedom since Pabs > Pdes and,
unfortunately, it also adds an extra energy cost with each cycle. This energy cost is
proportional to the log of the difference in absorption and desorption plateau
pressures. Thus, for real applications, slightly more energy is consumed through
material entropy generation on cycling that is may be apparent through idealized
thermal analysis of a material.
The total Gibbs free energy loss on completing and absorption (α-phase → β-phase)
followed by a desorption(β-phase → α-phase) returning to the original point in
temperature, pressure and composition is given by:

Equation 172

ΔGloss = ΔG α→ β − ΔG β →α =

P
1
RTln ab
2
Pdes

The entropy generated can be calculated without the need to understand the physics of
its origin. According to Prigogine and Defay, during the course of a reaction, the entropy
variation for a closed system is made of two contributions:
Equation 173

dS = δS e + δSi

where δSe represents the entropy flows due to the heat transfers with the external
surroundings, while δSi represents the contribution from internal transformations

within the system. Thus, δSi corresponds to the entropy production per cycle, with:

δS i = 0 for a reversible process and δS i > 0 for an irreversible process.

The effect of the irreversible contribution can be evaluated. If the system describes a
complete loop, coming back to its initial state (that is that the generation of internal
entropy δSi is transferred by entropy flow through heat transfer with the external
surroundings δSe ).The total entropy variation of the system then, is zero such that:

Equation 174

∫ dS = 0 = ∫ δS + ∫ δS
e

i
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and

∫ δSe = − ∫ δSi

Equation 175
where the symbol

∫

indicates integration over a closed loop.

The total entropy produced can be determined since it is possible to calculate the
entropy flow exchanged with the external environment, thus:

Equation 176

∫
∫ δS e =

δq
T

δq
where ∫ is the total heat exchanged along the different steps of the cycle. The free
energy loss observed along the cycle can be directly correlated through this equation.
From Equation 172, Equation 175 and Equation 176 one finally obtains:

Equation 177

∫
∫ δS i =

ΔGloss
T

Equation 177 indicates that when the basic criterion of reproducibility of the cycle is
satisfied, Equation 177 takes the form:
Equation 178

∫ δSi = Constant

When Equation 178 is not satisfied, then modifications of the thermodynamic
parameters correlated to the phase transformation will be observed, resulting in
different values for heats of transformation when measured, specifically by PCT van ‘t
Hoff analysis.
Under ideal conditions, the best way to evaluate the enthalpy of formation of reversible
hydrides remains a direct measurement with a calorimeter combined with a high
precision gas dosing instrument. The ability to be able to measure quantitatively the
hydrogen content of the material simultaneously is critical as will be shown in a later
section (Thermodynamics section 2.2.3 ). Calorimetry alone is not sufficient. Using
calorimetry, the heat detected should not be particularly sensitive to the entropy
production term, which is generally not the case for the enthalpy derived from the van ‘t
Hoff plot, see Equation 171 and Equation 177.
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1.2.7 Intrinsic Hysteresis - Potential Causes

Hysteresis is a significant component of almost all cyclical scientific measurements.
Across all reversible experiments, the two most common causes of hysteresis are
equipment error and insufficient time to reach equilibrium at each measurement point.
These are referred to as extrinsic effects. However, hysteresis can also be an indication
of a different physical response when a variable, such as temperature or pressure, is
ramped up or down. This is referred to as intrinsic hysteresis. Section 2.2.6 of the
Capacity chapter discussed how various types of hysteresis affect PCT measurements.
Here we will discuss the ways in which thermodynamics can influence both intrinsic and
extrinsic hysteresis.
Intrinsic hysteresis is observed for nearly all metal hydrides. It is of considerable interest
as it represents a loss of efficiency in energy storage and has been the focus of study
since the investigation of the phenomena in the Pd-H system by Ubbelohde in 1937.183
A number of models and theories have been proposed concerning the origin of
184
hysteresis. The most promising models focus on the variation in plastic deformation
245, 246, 247, 248
and dislocations during hydride formation and decomposition
which is
supported by experimental evidence of dislocations during both formation and
decomposition reactions. 249,250
It is clear that the effects of intrinsic hysteresis on metal hydride measurements are
significant, but the causes are less clear. The next few sections discuss some of the most
likely contributions, but no complete theory has yet been identified.

1.2.8 Mechanical Strain energy

Absorption of hydrogen typically leads to expansion of the material’s lattice, often
causing deformations. If the deformation simply involves the stretching of atomic bonds
without any breaking (Figure 180), it is called elastic deformation and excess energy is
stored in the stretched bonds. This excess energy is referred to as mechanical strain
energy.
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Figure 180. Representative image of an unstrained (left) and a strained (right)
lattice. Excess energy is stored in the stretched bonds in the right-hand image.
1.2.9 Dislocations
Plastic deformation occurs when the strain is so great that bonds break and dislocations
are formed which can move through the lattice. A typical type of dislocation, an edge
dislocation, is shown in Figure 181. This formation of dislocations has been observed in
many metal hydrides during both absorption249 and desorption.250

Figure 181. Representative image of an edge dislocation in a lattice. 251 Excess
energy is stored in the bonds stretched by the dislocation.
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Flanagan and Clewley have presented a theory to explain hysteresis based on a
mechanism where dislocation arrays of comparable densities are produced during both
hydride formation and hydride decomposition in a hysteresis cycle. 184 The hysteresis
energy loss is observed to be the same, to within experimental error, for each cycle and
therefore it was concluded that dislocations which are produced during each phase
change are subsequently annihilated, leaving the dislocation density at a large
saturation value. According to this theory, after the first cycle of α→β and β→α phase
changes, a further cycle returns the sample to its initial highly dislocated state. The
energy expended to create the new dislocations subsequently appears as heat which is
transferred to the surroundings. The work done by the surroundings on the system is
equal to the heat subsequently gained by the surroundings. The entropy of the
surroundings thus increases as expected for an irreversible process. It is clear that either
formation or decomposition of the hydride phase is an irreversible process since a small
reversal of either leads to the traverse along a hysteresis scan and not to a reversal
along a plateau. The authors described the extra free energy required for plastic
deformation (on hydride formation and decomposition) as a new term, ∆Hdis. This
energy is lost as heat during the hydride formation and decomposition processes,
leading to a state ∆Hdis above equilibrium at the end of both the hydrogen absorption
and desorption process, as shown in Figure 182.

Figure 182. Schematic representation of the effect of plastic deformation,
which accompanies hydride formation and hydride decomposition, on the
integral free energy (per mole of metal). The tangent slopes (dG/dr)T,p give the
chemical potential of hydrogen. Solid line: hypothetical equilibrium tangent
slope; Dashed line: - - -, slope obtaining during hydride formation; Dotted line:
· · · · · · slope obtaining during hydride decomposition.184
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1.2.10 Interfacial Energy/Particle Size Effects

Many hydrogen storage materials have a granular structure. At the interface between
two grains, there is a region of stretched bonds to accommodate the different
orientations of the lattice. A similar effect can be observed near the boundaries of small
particles. As discussed in section 1.2.8 these stretched bonds represent excess energy
stored in the lattice. An example of such an interface is shown in Figure 183. Smaller
grain or particle sizes will lead to more interfacial or boundary areas, which can change
the thermodynamics of the reaction. However, whether the enthalpy of reaction is
shifted upwards or downwards depends on the material and the interface. Theoretical
and experimental work is needed to understand the exact effects on a case by case
basis. For example, if the surface energy of the hydride phase is lower than that of the
unhydrided phase, as is the case for Mg and MgH2, then the enthalpy of formation is
expected to decrease with decreasing particle or grain size. 252

Figure 183. Representative image of strain in a lattice at the interface between
two grains or particles.
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1.3 Thermodynamics of On-board Rechargeable Physisorption
Materials
1.3.1 Isosteric Heat of Adsorption

Physisorption of hydrogen in porous materials such as carbon nanotubes, activated
carbon, zeolites, and coordination polymers or metal-organic frameworks (MOFs), is an
exothermic process, and the isosteric (constant coverage, or constant excess hydrogen
capacity) heat of adsorption (Qst) or adsorption enthalpy (∆H) is a direct indicator of the
strength and heterogeneity of the interaction between the adsorbate and the adsorbent.
The isosteric enthalpies of adsorption of hydrogen on a wide range of porous materials
have been listed in Table 2 of the article “Adsorption and desorption of hydrogen on
metal–organic framework materials for storage applications: comparison with other
253
nanoporous materials.” by K. M. Thomas. The enthalpies for hydrogen adsorption on
porous materials have the following ranges: (i) activated carbon materials: 1.4-12.5 kJ
mol-1, (ii) zeolites: 5.9-18.2 kJ mol-1, (iii) silica adsorbents: 5.4-10.4 kJ mol-1, and (iv)
MOFs: 5.1-13.5 kJ mol-1. All the Qst values are significantly higher than the enthalpy of
vaporization of 0.9 kJ mol-1 for H2 at 20.28 K implying significant hydrogen adsorption
energies for all of these high surface area materials.253
While the above adsorption enthalpy values for porous materials are too low for any
significant hydrogen uptake at ambient temperatures, the higher values of reversible
ambient hydrides require proportionately more heat transfer for most applications.
Thus, an intermediate weak non-dissociative chemisorption with facile adsorption and
desorption characteristics would be preferred for storage applications.

1.3.2 Determination of Isosteric Heats of Adsorption from Isotherm
Measurements

The determination of isosteric heat of adsorption for hydrogen is a very important
aspect of characterizing the potential for various porous materials to be used for onboard hydrogen storage applications.
The isosteric heat of adsorption, Qst of an adsorbate-adsorbent system is the change in
enthalpy of the system upon the reversible transition of unit mass of any component
from one phase (gas-phase for adsorption) to another (adsorbed phase). Like the heats
of conventional phase-transitions, isosteric heat of adsorption can be described by
Clausius-Clapeyron thermodynamic correlation.254
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Equation 179

Qst = -R [∂ ln(P)/∂(1/T)] θ

The adsorbed phase in this definition implies the absolute amount of adsorbate present
in the solid adsorbent. Experimentally measured adsorption on the other hand is the
surface excess adsorption (nex) which is related to absolute adsorption (na) by

Equation 180

na = nex + ( ρg × Va)

In the case of vapor-phase adsorption, the gas-phase density (ρg) is negligible compared
to adsorbed-phase density (ρa); so surface excess can be assumed to be equal to the
absolute amount. However, for high pressure gas supercritical gas adsorption, absolute
adsorption significantly differs from surface excess due to non-negligible gas density.
Therefore, if the isosteric heats of adsorption are determined at a constant excess
instead constant absolute, it can become unphysical. Thus, for supercritical gas
adsorption, it is important to estimate isosteric heats based on the absolute
adsorption. 255 Note, however, that this requires assumptions about the adsorption
volume that have a significant effect on the resulting “absolute capacity” and the
“absolute isosteric heat of adsorption” derived from these assumptions (see section
1.3.3 ).
In addition, isosteric heat of adsorption is a coverage dependent property and single
values of isosteric heats of adsorption apply only to initially adsorbed molecules, i.e., in
the Henry’s law region dictated by low coverage where the adsorbate molecules act
independently.
To determine the isosteric heat of adsorption, the most frequently used method is the
application of the Clausius–Clapeyron equation (Equation 179) to results obtained from
measured hydrogen adsorption isotherms. Adsorption Isosteres are a function relating
the equilibrium pressure to the temperature at a constant value of the amount, or
excess amount, of substance adsorbed by a given amount of solid (IUPAC). Plotting lnP
vs. 1/T of H2 for a given adsorption isostere enables the determination of the isosteric
heat of adsorption from the slope of the isostere Qst = -slope × R (Figure 184).
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Figure 184. (a) Excess adsorption isotherm data of H2 in MOF-5, used in the
heat of adsorption calculation. Dotted lines indicate P-T data at fixed hydrogen
concentrations. (b) The ln P vs. 1/T plot of H2 in MOF-5 at various wt.%.
According to the Clausius-Clapeyron equation, the isosteric heat of adsorption
Qst = -slope × R. (c) Qst plot for H2 adsorption in MOF-5, as derived from (b).143
Typically, the isosteric heat of adsorption is calculated from the adsorption isotherms
measured at 77 K and 87 K since these temperatures can be realized easily by liquid
256
nitrogen and liquid argon, respectively. However, this small temperature range
usually leads to a very high uncertainty in the heat of adsorption. To ensure the isosteric
heat of adsorption determined with higher accuracy, it requires at a minimum three
closely spaced (in temperature) adsorption isotherms (Figure 185).

Figure 185. The isosteric heat values calculated from different number of
adsorption isotherms.18
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The critical step in determining isosteric heats of adsorption from isotherm
measurements (Figure 184a) is to be able to accurately create plots of equilibrium
pressures (lnP) vs. temperatures (1/T) at constant (in this case “excess”) concentrations
(Figure 184b). To do this, one must be able to interpolate between equilibrium
pressures data points at a specific concentration from the isotherm measurements. This
interpolation is usually done using a model to fit the isotherm data. Once the lnP vs. 1/T
(Figure 184b, essentially van ‘t Hoff plots) are created one then determines the isosteric
heat of adsorption from the slope at each concentration (via the Clausius-Clapeyron
equation). In this manner the isosteric heat of hydrogen adsorption can be then plotted
as a function of concentration (Figure 184c). However, these hydrogen adsorption
enthalpy calculations are very sensitive to errors with the accuracy of models for
interpolating between isotherm points. These effects being critical in the low pressure
region.10
In the low pressure region the relationship between the concentration of adsorbed
hydrogen (n) and pressure (P) at constant temperature are often assumed to be linear.
This is essentially Henry’s law and modeling the low pressure isotherms consists of
determining the Henry’s law constant kH.
Henry's law (formulated by William Henry in 1803) states that, at a constant
temperature, the amount of a given gas that dissolves in a given type and volume of
liquid is directly proportional to the partial pressure of that gas in equilibrium with that
liquid. In the case of a gas adsorbed to a solid surface:
Equation 181

n = kH P

where P is the pressure of the adsorbate, n is the specific surface excess amount of the
adsorbate and kH is a constant with the dimensions of moles of gas divided by pressure.
When the temperature of a system changes, the Henry constant will also change. This is
why some people prefer to name it Henry coefficient. There are multiple equations
assessing the effect of temperature on the constant. The van 't Hoff form of the
constant is:
Equation 182

kH = kH(To) exp [-C(1/T – 1/ To )]

Where kH for a given temperature is the Henry's Law constant, T is the temperature, To
refers to the standard temperature (298 K) and C is a constant for a given gas which is
proportional to the enthalpy of adsorption.
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For hydrogen adsorption the Henry’s law (linear) range of pressure vs. concentration is
dictated by low coverage (assumes adsorbate molecules act independently). Thus
Henry’s law applies for differential enthalpy of adsorption at zero coverage.
The differential enthalpy of adsorption at zero coverage is then given by:

Equation 183

 ∂H 
2 ∂ (ln k H )
 = RT

∂T
 ∂n 

1.3.3 Determination of Isosteric Heats by Modeling of Adsorption
Isotherms

At higher pressures more complex relationships between adsorbed hydrogen
concentration and equilibrium gas pressure are required. As mentioned above, for
supercritical gas adsorption, it is important to estimate isosteric heats based on the
255
Thus, for hydrogen storage applications it is beneficial to
absolute adsorption.
consider isosteric heats of adsorption determined from “absolute” adsorption
isotherms, as well as from the directly measured “excess” adsorption isotherms. To do
this requires assumptions about the adsorption volume that have a significant effect
on the resulting “absolute capacity” and the “absolute isosteric heat of adsorption”
derived from these assumptions. This section describes some of the methods for the
evaluation of Isosteric Heats of Adsorption from a series of adsorption or desorption
isotherms. Recommendations for the Best Practices in presenting isosteric heats of
adsorption are given in section 1.3.6 .
While extremely important for the evaluation of physisorption hydrogen storage
systems, analysis at this level of detail has not been common practice up to this point
and very few result are present in the literature. One such example is given below for
the difference in isosteric heats of adsorptions calculated using the measured “excess”
adsorption isotherms vs. “absolute” adsorption isotherms determined using an assumed
boundary layer thickness t and bulk gas density ρg, to derive the na “absolute” quantity
of adsorbed hydrogen from measured nex “excess” adsorption isotherms using Equation
180. 257
Measured “excess” adsorption isotherms are shown on the left of Figure 186 for the
physisorption activated carbon material MSC-30.
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Figure 186. (Left) Measured “excess” adsorption isotherms. (Right) Calculated
isosteric heat of adsorption from “excess” adsorption isotherms.257
The isosteric heats of formation are shown on the right side of the same figure
calculated using the two isotherm version of the Clausius-Clapeyron relation:

Equation 184

∆H =

RT1 T 2

P 
ln 2 
T2 − T1  P1 

The increasing heat of adsorption at higher hydrogen coverage was assessed to be
unphysical.257 For this reason the “excess” adsorption isotherms were converted to
“absolute” adsorption isotherms by adding the amount of adsorbed hydrogen in the
adsorption boundary layer of thickness t, that would be present as bulk (in the absence
of physisorption) hydrogen at pressure P to the “excess” adsorption isotherms. This is
shown diagrammatically in Figure 187.

Figure 187. (Left) Actual (“absolute”) adsorbed hydrogen vs. (Right) measured
“excess” adsorbed hydrogen, the difference (red rectangle) being equal to
AtP/kT.257
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The calculated “absolute” adsorption isotherms are shown on the left of Figure 188 for
the physisorption material MSC-30. The isosteric heats of formation calculated using the
two isotherm version of the Clausius-Clapeyron relation are shown on the right side of
the same figure. One can see not only a significant difference in the shape of the
isosteric heat of adsorption plot (continuously decreasing with hydrogen coverage) but
also a general lowering of the calculated values of the isosteric heats of adsorption.

Figure 188. (Left) Calculated “absolute” adsorption isotherms. (Right)
Calculated isosteric heat of adsorption from “absolute” adsorption
isotherms.257

257

The author’s conclusions were:
• Except for at very low coverage, compute isosteric heat from absolute
adsorption instead of excess.
•

Computer simulations provide required microscopic information on film volume
and/or thickness.

•

Product: isosteric heats valid at all pressures and coverages.

This example demonstrates that the difference between isosteric heats of formation
determined from measured “excess” adsorption isotherms and calculated “absolute”
adsorption isotherms can be quite significant.
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It should be noted however, that the calculated “absolute” adsorption isotherms
required some assumptions (or simulations) of the adsorption volume as well as the
determination of bulk gas density based on either an ideal gas but preferably (at low
temperatures and elevated pressures) accurate real gas density.

The calculation of absolute adsorption from the experimental excess adsorption data
requires knowledge of the adsorption volume (Va in Equation 180). Unfortunately, this
cannot be presently determined using any experimental technique. Therefore, a
number of analytical and empirical models have been developed to describe
“absolute” hydrogen adsorption properties (isotherms).

For the most part, three models (Viral Method 1, Viral Method 2, and the LangmuirFreundlich equation) have been mainly used for interpolating isotherm pressure values
for specific amounts adsorbed from isotherm data, and for calculating the isosteric
258
The following describes these three models, the Dubininenthalpies of adsorption.
Astakhov (DA) model, and a more recently developed parametric model based on an
advanced modification of the DA model for hydrogen adsorption.151
It should be noted that, in using these models to correctly determine isosteric heats of
adsorption the adsorbed amount n is the “absolute” capacity as a function of pressure.

1.3.3.1 The Virial Method 1
This method uses the following virial equation:

Equation 185

where n is the amount adsorbed, p is the pressure and A0, A1 and A2 are constants. The
van ‘t Hoff isochore is then used to determine the isosteric enthalpy of adsorption at
specific surface coverages. The isosteric enthalpies of adsorption at zero surface
coverage are obtained from the A0 values.
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1.3.3.2 The Virial Method 2
The method is based on the following virial equation:
Equation 186
where p is pressure, n is “absolute” amount adsorbed, T is temperature, and ai and bj
are temperature independent empirical parameters. This method provide the
equilibrium pressure p and concentration n for any temperature T when ai and bj have
been determined from a fit to a set of experimental isotherms. This is essentially the
Clausius-Clapeyron linear relationship between ln(p) and 1/T where the slope (second
term in Equation 186) is the isosteric enthalpy of adsorption (Qst) or:
Equation 187
where R is the gas constant.

1.3.3.3 The Langmuir-Freundlich Equation
The Langmuir-Freundlich equation is as follows:

Equation 188

where nL is the maximum amount adsorbed, p is the pressure, m and k are fitting
constants.
As with the DA analysis, isotherm data can be fitted using one of the above three
relationships between p and n above to develop isosteric lnP vs. 1/T plots. From these
plots, the isosteric heat of adsorption can be determined using the Clausius-Clapeyron
equation.
A comparison of the three methods for describing hydrogen and deuterium adsorption
on a MOF material has shown that the virial methods give more accurate heats of
adsorption at low surface coverage (Figure 189). This is attributed to the fact that the
Langmuir–Freundlich isotherm does not reduce to Henry’s law at zero surface
coverage.258
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Figure 189. Comparison of isosteric enthalpies of adsorption (Qst) calculated
using virial methods and Langmuir-Freundlich methods for H2 and D2
adsorption on a MOF material.258

1.3.3.4 The Dubinin-Astakhov Model
The DR (Dubinin-Radushkevich) and DA (Dubinin-Astakhov) equations, originally found
259
by Dubinin and Radushkevich to be very good empirical fits to adsorption data in
porous carbon and zeolites, were later derived by Dubinin based upon two assumptions.
The first assumption made by Dubinin 260 was the "thermodynamic criterion" which is
supported by many experimental observations. This criterion utilizes the concept of
adsorption potential, A, and is given by

Equation 189
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where
Equation 190
Here Ps is the vapor pressure of the adsorbate that would be observed over the liquid
phase that has a flat interface with the gas and P is the actual adsorbate pressure. The
second assumption presented by Dubinin260 was that the energy of adsorption between
the adsorbate and the adsorbent surface follows a Weibull distribution curve. From this
the generalized DA equation is derived, of which the DR equation is a special case. One
form of the DA equation is:
Equation 191

In this equation k is a constant whose value can vary somewhat, usually from 1.5 to
about 4. The special case with k equal to 2 is the DR equation. The parameter β is
dependent upon the adsorbate; whereas, the energy term B is dependent upon the
adsorbent. The subscribe A indicates the adsorbate. The nAo is the number of moles to
completely fill the pores of the adsorbent. For this purpose, a corrected density of the
liquid is used. This correction depends upon where in the isotherm the pore filling
begins. Dubinin, Zhukovskaya and Murdmaa (DZM) presented a tabulation of the
261
corrected densities. It is also possible to calculate density from quantum mechanical
based equations. 262 The external, non-porous area is assumed to be very small relative
to the pore volume and may therefore be ignored.
At high enough coverage, adsorption on microporous adsorbents can usually be
described by the Dubinin-Astakhov (DA) model.263 The DA equation, when adapted for
264
excess adsorption measurements , can be expressed as:
Equation 192

w = wo exp[ -(A/E)m ] – wg

The quantity w is the volume (cm3/g) of the adsorbed phase in the microporous volume
w0 of the adsorbent, m is a structural heterogeneity parameter,144 and E is a
characteristic energy of the adsorption process which is dependent on the mean
potential inside the pores. 265 The term wg is an additional small correction to the
standard DA isotherm to account for excess adsorption measurements. It can be
expressed as wg=cρgVp, where c is a constant and ρg is the gas-phase density in the
porous volume Vp of the sample. The quantity A is the adsorption potential given by:
Equation 193

A = RT ln(PS / P)
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where R is the universal gas constant, PS is the saturation pressure of the adsorbate, and
T is the absolute temperature. As with the generalized DA model, for excess adsorption
when m=1 and m=2, the DA model reduces to the Freundlich and the Dubinin266
Radushkevich models, respectively.
As introduced above, the DA model is based on the concept of pore filling by a liquid for
adsorption isotherms measured below the critical temperature of the adsorbate. Under
these conditions the characteristic curves of w versus A are considered temperature
invariant.264 However, for the typical supercritical isotherms of hydrogen storage
measurements, the saturation pressure Ps does not exist. In this case, the pseudosaturation vapor has to be defined using an approach such as the one proposed by
Amankwah and Schwarz.144 For such an analysis, Ps is determined by introducing a new
parameter γ, which expresses the pseudo-saturation pressure as a function of
temperature according to:
Equation 194

PS = (T / TC )γ PC

where TC and PC are the critical temperature and pressure of the adsorbate. The
parameter γ is specific to the adsorbent-adsorbate pair and can be determined from
fitting the adsorption data. For γ = 2, Equation 194 reduces to the so-called Dubinin
264
empirical equation.
For hydrogen storage applications, determination of the adsorption enthalpy is critical
the heat management design of the storage system. With physisorption materials the
adsorption enthalpy reflects the strength of gas-solid interactions and can vary with the
properties of the adsorbent.267 It can usually be calculated from adsorption isotherms
at constant w from the Clausius-Clapeyron expression:
Equation 195

∆H = -R [ ∂ ln(P) / ∂ (1/T) ]w

The use of Equation 195 in conjunction with the standard DA isotherm yields the
following expression for the adsorption enthalpy:
Equation 196

∆H = E ln(wo/w)1/m + γ RT

Equation 196 is a variant of other expressions268,269 used for subcritical adsorption.
Here the temperature dependence of the enthalpy is explicitly related to the parameter
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γ. Physically, this parameter appears to be associated with the internal energy of the
adsorbate in the pore. Note that the temperature-independent part of Equation 196 is:
Equation 197

∆Ho = E ln(wo/w)1/m

1.3.3.5 The Modified Dubinin-Astakhov (MDA) Analytical Model
More recently, an advanced modification of the Dubinin-Astakhov model has been
developed for hydrogen adsorption.151 The Modified DA analytical model involves a fiveparameter equation that correlates the experimentally measured surface excess with
the state points (PCT isotherms). It is given by:

Equation 198


nex = nmax exp −


(

) ln  PP  − V ρ

RT 2
α + βT

2



o



a

g

where, T and P are the temperature and the pressure, R is the universal gas constant,
the parameter nmax is the limiting adsorption (maximum absolute adsorption value in
mol kg-1: per Equation 180) and the parameter P0 is the pressure corresponding to the
limiting adsorption (no longer the saturation pressure since it is applied in the
supercritical region), the parameter Va is the adsorption volume, ρg is the bulk density of
the gas at P and T, and the parameters α and β are the enthalpic and entropic
contributions of free energy of adsorption. All five parameters (α , β , P0, nmax,, and Va)
are variables that are fit iteratively to a set of P, T, n data. The model is fit to the
experimental data using an iterative procedure. The Levenberg-Marquardt algorithm is
used to search for the coefficient values that minimize standard error of estimate. This
is a form of nonlinear, least-squares fitting.
The temperature dependent form of the free energy of adsorption given in the Equation
198 allows the model to accurately fit the experimental data collected over a wide range
of temperatures using only these five parameters.
To use this method to determine the isosteric heats of adsorption, the above Modified
Dubinin-Astakhov (MDA) analytical model is fit by iteration of the five parameter to
experimentally measured surface excess adsorption isotherms. Using the best fit values
of the five parameters, the absolute adsorption isotherms can then be generated from
the modified absolute adsorption (MDA) model:
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Equation 199
The isosteric heats at constant absolute adsorption are then calculated using the
Clausius-Clapeyron equation applied to these calculated absolute adsorption isotherms.
Figure 190 shows the experimental surface excess hydrogen adsorption data on
activated carbon Maxsorb® collected over a temperature range of 30-273 K (circles). The
solid lines are the best fit to the data using Equation 198.
The parameters obtained for the best fit are: nmax = 14.24 wt%, α = 3120.3 J/mol, β =
17.922 J/ mol K, Po = 1329 MPa and Va = 1.4163 Lkg-1.

Figure 190. Experimental surface excess hydrogen adsorption data (circles) of
the physisorption material Maxsorb® over a temperature range of 30 to 273 K.
Solid lines are the best fit made using Equation 198. 270
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The absolute adsorptions corresponding to the above excess are now constructed using
the Equation 199. These are shown in the Figure 191.

Figure 191. Absolute hydrogen adsorption results of Maxsorb® over a
270
temperature range of 30 to 273 K constructed using Equation 199.
Adsorption isosteres at constant absolute adsorptions are now made from the
interpolated data in Figure 190 and are shown below in the Figure 192.
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Figure 192. Adsorption isosteres at different absolute adsorptions.

270

The slope of each adsorption isostere multiplied by R gives the isosteric heat at each
coverage. Figure 193 (solid circles) presents the isosteric heats as function of absolute
adsorption capacity.
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Figure 193. Solid symbols give the isosteric heat of adsorption obtained by
using Clausius-Clapeyron equation on the absolute adsorption. Solid line gives
the isosteric heat of adsorption calculated using the modified DA model.270
Finally, the isosteric heats of adsorption calculated from directly from the “excess
capacity” isotherms (Figure 190) and those calculated from the derived “absolute
capacity” isotherms using the MDA model are compared in Figure 194. The resulting
heats of adsorption differ by as much as 20%. This difference may be quite significant
when determining the overall heat transfer requirements of a physisorption hydrogen
storage system.
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Figure 194. Solid symbols give the isosteric heat of adsorption obtained by
using Clausius-Clapeyron equation on excess (black) and absolute (red)
adsorption results. Solid red line gives the isosteric heat of adsorption
calculated using the modified DA model.270
It should be noted that the determination of isosteric heat by applying ClausiusClapeyron relation on the experimental data at higher coverage can have high
uncertainty due to fewer isotherms available at higher coverages. Isosteric heat of
adsorption can also be directly obtained by deriving Qst from the Clausius-Clapeyron
relation of the modified Dubinin-Astakhov (DA) analytical model. According to this
model, isosteric heat is defined as:

Equation 200

 n 
Qst = −α − ln a 
 nmax 
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The solid line in Figure 193, is the isosteric heat given by the Equation 200, where na is a
continuous variable that varies from zero to nmax. At near-zero coverage, the isosteric
heat determined by the DA model shows a weak divergence which is attributed to its
logarithmic dependence on na. Thus the model does not accurately reproduce its
dependence on na in Henry’s law region.
The above modeling techniques for deriving “absolute” Isosteric Heats of Adsorption are
presently being evaluated for there applicability to a wide range of hydrogen storage
physisorption materials.271

1.3.4 Variable-Temperature Infrared Spectroscopy

Another method to obtain the isosteric heat of adsorption is based on variabletemperature infrared spectroscopy. Unperturbed H2 is infrared inactive, but shows
Raman bands at νH-H = 4161 and 4155 cm-1 for para- and ortho-hydrogen,
272
respectively. Association of H2 molecules with the surface of a framework, however,
polarizes the H-H bond, causing the vibrational transition to become infrared active with
a characteristic IR absorption band appearing in the range of 4050–4110 cm-1. The
bathochromic shift of this transition is determined by the strength of the interaction
between H2 and a binding site, with stronger binding interactions resulting in a greater
shift from the unperturbed system. Hydrogen bound at any available site within a given
material can therefore be observed by infrared spectroscopy.273 This can be used to
monitor adsorption thermodynamics by following the variable temperature IR (VTIR)
spectroscopic method.275
At any given temperature, the integrated intensity of the characteristic IR absorption
band (of adsorbed hydrogen) is proportional to surface coverage, h, thus giving
information on the activity of both the adsorbed species and the empty adsorbing sites;
simultaneously, the equilibrium pressure gives the activity of the gas-phase. Hence, the
corresponding adsorption equilibrium constant, K, can be determined, and the variation
of K with temperature leads to the corresponding values of adsorption enthalpy and
entropy. For deriving these values, integrated band intensity, A, temperature, T, and
equilibrium pressure, p, determined simultaneously by using an appropriate IR cell, are
considered to be related by the Langmuir-type equation (Equation 201):
Equation 201
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where AM stands for the integrated band intensity corresponding to full coverage (h = 1).
By combining Equation 201 with the well known van ‘t Hoff Equation 202 leads to Eqn.
13 below:
Equation 202

Equation 203
By plotting the left-hand side of Equation 203 against reciprocal temperature, for data
obtained over a relatively large temperature range, corresponding values of ∆H0 and ∆S0
can directly be derived. 275

Table 13. Spectroscopic and thermodynamic data for hydrogen adsorbed on
several zeolites. Error limits for ∆H0 and ∆S0 are ±1 kJmol-1 and ±10 Jmol-1K-1,
respectively.275
Variable-temperature infrared spectroscopy can be utilized to estimate the hydrogen
adsorption enthalpies at very low hydrogen loadings which are usually associated with
the strongest hydrogen-framework interactions. However, with increased hydrogen
loading, where hydrogen adsorption enthalpies will decline abruptly mainly due to
hydrogen-hydrogen interactions, variable-temperature infrared spectroscopy does not
provide reliable information about the weak interactions.
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1.3.5 Optimal Value of Adsorption Enthalpy

The optimal hydrogen adsorption enthalpy in porous materials can be calculated using
Equation 204, which is based on the Langmuir-type adsorption model:

Equation 204

This equation can give the optimum value of adsorption enthalpy (∆H0opt) for maximum
hydrogen delivery as a function of temperature (T) and adsorption entropy (∆S0), P0
being the standard pressure value to which ∆S0 is referred (1 bar), P1 the hydrogen
loading pressure and P2 the exhaust delivery pressure. In other words, Equation 204
applies to hydrogen storage/delivery cycles between pressures P1 and P2 at a
temperature T. Alternatively, the optimum operational temperature (as a function of
standard adsorption enthalpy and entropy) is given by:

Equation 205

Assuming P1 = 30 bar and P2 = 1.5 bar as being reasonable pressure values for the
hydrogen storage-delivery cycle, and taking ∆S0 = -66.5 J mol-1 K-1 as being a
representative value of entropy change, Equation 204 yields ∆H0opt = -15.1 kJ mol-1 at
298 K. On the other hand, for an enthalpy change of ∆H0 = 6.64 kJ mol-1, typical of
hydrogen adsorption on MOFs and other microporous materials, Equation 205 yields
149
An example of the
Topt = 131 K when operating between 1.5 bar and 100 bar.
measured enthalpies of adsorption for some well know physisorption materials (AX21
and MOF-177) are shown in Figure 195.
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Figure 195. Heat of adsorption for AX-21_33 (closed symbols) and MOF-177
274
(open symbols).
When one introduces the entropy-enthalpy correlation to the Langmuir adsorption
model, a value of ∆H0opt in the range of -22 to -25 kJ mol-1 is needed for a material
275
operating between 1.5 and 30 bar at 298 K. Thus an optimal physisorption enthalpy
falls into a range just a little lower than that of the classic hydride LaNi5H6 with an heat
of formation of ∆H0 = 30 kJ mol-1. The ultimate goal then is to obtain high-hydrogen
capacity physisorption materials with elevated adsorption enthalpies.
1.3.6 Recommended Best Practices for Presenting Isosteric Heats of
Adsorption
It is the recommendation of this best practices document that:
1. Two Isosteric Heats of Adsorption as a function of coverage be reported based
on: a) calculations from the directly measured “excess capacity” isotherms, and
b) calculations from derived “absolute capacity” isotherms.
2. All assumptions, models and details used for predicting the “absolute capacity”
isotherms should be reasonable, make physical sense, and be clearly reported
along with the results in any publication or presentation.
3. Calculations of Heats of Adsorption be based on a minimum of 5 different
isotherms over a wide range of temperatures (preferably 77K to room
temperature).
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1.4 Thermodynamics of Off-board Regenerable Hydride Materials
This section discusses the thermodynamics of chemically reacting systems for off-board
regenerable chemical hydrides. Because off-board regenerable hydride materials are
not reversible under typical on-board temperature and pressure conditions it is not
possible to measure thermodynamic properties through equilibrium techniques such as
van’ t Hoff volumetric or gravimetric methods. Thus, the study of thermodynamic
properties is generally limited to Calorimetric Methods such as bomb calorimetry,
thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The
details of making thermodynamic measurements using these techniques are presented
below (section 2.2 ).
While the enthalpy of reaction (or heat of reaction) may be determined by calorimetry
measurements, it can also be estimated indirectly from the difference in the know
values of the enthalpies of formation of the reactants and products of the hydrogen
delivery reaction.
In general, the enthalpy of reaction is the energy released or absorbed during a
chemical transformation and is defined as the difference of the enthalpy of products
( H products ) and the enthalpy of reactants ( H reactants ). There are three constraints imposed
on the definition of the enthalpy of reaction and they are:
Stoichiometric quantities are used
The reaction proceeds to completion
The reactants and products are at the same temperature and pressure
If the reaction does not follow these constraints, then the enthalpies associated with
these deviations must be accounted for. Some useful information to keep in mind
regarding the enthalpy of reaction is:
The standard enthalpy (heat) of reaction (denoted as ∆H r ) is the heat of reaction when
both the reactants and products are at a reference temperature and pressure, usually
25°C and 1 bar. If ∆H r is negative then the reaction is said to be exothermic at
temperature T, and if ∆H r is positive then the reaction is said to be endothermic at
temperature T. At low to moderate pressures, ∆H r is nearly independent of pressure.
The heat of reaction is an extensive property and its value depends on how the
stoichiometric equation is written. For example, the heat of reaction for A → B is half of
the heat of reaction for 2 A → 2 B . The heat of reaction depends on the phase (solid,
liquid, or gas) of the reactants and products. For example the higher heating values
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(HHV) and lower heating values (LHV) are two values that are dependent on the phase
of product water:

Equation 206

kJ
mol
kJ
CH 4 ( g ) + 2O2 ( g ) → CO2 ( g ) + 2 H 2O( g ) : ∆H r =
−802.3
mol

−890.3
CH 4 ( g ) + 2O2 ( g ) → CO2 ( g ) + 2 H 2O(l ) : ∆H r =

The difference between the reactions is the phase of water in the products. Because
enthalpy is a state function, the difference is the enthalpy change associated with the
vaporization of two moles of water at 25°C. In other words, 2∆H v ( water @ 25 C ) .
The internal energy of reaction can also be calculated if the reaction proceeds in a
closed reaction vessel at constant volume. Analogous to the enthalpy of reaction, the
internal energy of reaction is the difference between products and reactants
( U products − U reactants ) if stoichiometric quantities or reactants react completely at
temperature T. The internal energy of reaction can be calculated from the enthalpy of
reaction by the following relation:



∆U r (T ) =
∆H r (T ) − RT ∑ vi − ∑ vi 
 gaseous

gaseous
reactants
 products


Equation 207

where vi are the stoichiometric coefficients.
To illustrate using the previous example of the (LHV) combustion of methane (bottom
Equation 206):

∆Ur(T ) = ∆Hr(T) - RT(2H2O(g) + CO2(g) - 2O2(g))

Equation 208
(or at 25°C)

∆ULHV CH4 (298) = -802.3-(0.008314*298) = -804.8 kJ/mol

Using this relation assumes ideal gas behavior and that the specific volumes of the liquid
and solid reactants and products are negligibly small compared with those of the gases.
If there are no gaseous reactants or products, then to a good approximation
∆U r (T ) ≈ ∆H r (T ) .
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Typically, heats of reaction can be calculated from tabulated values of enthalpies of
formation. For example for a typical reaction say aA + bB → cC + dD , the standard heat
of reaction (calculated from the standard heats of formation) would be:
Equation 209 ∆H r =

(( c∆H ) + ( d ∆H ) )

f


f

C

D

products

(

− ( a∆H f ) + ( b∆H f )
A

)

B reactants

Or more generally as:
∆=
H r

Equation 210

∑ v ( ∆H )

products


f

i

i

−

∑

reactatnts

vi ( ∆H f )

i

where i denotes the species and vi denotes the stoichiometric coefficient for species i .
Another useful class of reaction enthalpies are the standard enthalpies (or heats) of
combustion. The standard heat of combustion (denoted as ∆H c ) of a material is the
heat of reaction of that material with a stoichiometric amount of oxygen to yield
specified products, of which the products and reactants are at the arbitrary, but yet
conventional, reference state (i.e., 25°C and 1 bar). Standard heats of combustion values
are tabulated for large number chemicals in sources such as Perry’s Chemical Engineers’
Handbook or in NIST Chemistry Webbook. Standard heats of reaction that involve only
combustible products can be calculated from the standard heats of combustion.
Mathematically this can be represented as:

∆=
H r

Equation 211

∑ v ( ∆H )

products


c i

i

−

∑

reactatnts

vi ( ∆H c ) .
i

One of the principle applications of this equation is to determine the heats of formation
for combustible substances whose formation reaction do not occur naturally or occur at
very slow reaction rates. As an example, consider the formation reaction of pentane,
5C ( s ) + 6 H 2 ( g ) → C5 H12 (l )

Equation 212

which cannot be carried out in the laboratory. However, all reactants and products can
be combusted whereby the standard heats of combustion can be determined
experimentally. Therefore, the standard heat of formation for pentane can be calculated
as:
Equation 213

( ∆H )

f

C5 H12 ( l )

= 5 ( ∆H c )

C (s)

+ 6 ( ∆H c )

H2 ( g )

− ( ∆H c )

C5 H12 ( l )
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Given the thermodynamic construct presented above, one can now tackle calorimetry
for experimentally determining heats of reaction and heat capacities. In order to
determine the heat capacities or heats of reaction, the first law of thermodynamics for
the system under study must be employed; That is: QV = ∆UV (closed system) or
QP = ∆H P (open system) . The subscripts V and P are reminders that the processes occur
under constant volume or constant pressure.

1.5 Hydrogen Storage System Energy Considerations

1.5.1 On-board Reversible Hydride Storage Systems

Metal hydrides are one example among a number of prospective hydrogen storage
materials being investigated worldwide. Some metal hydrides are reversible at room
temperature which dictates relatively high energies of formation of the hydride from
hydrogen and constituent metals. However, the binding energy of hydrogen in metal
hydrides covers a wide range from being unstable endothermic hydrides (alane) to
highly stable exothermic hydrides (alkali metal and rare earth hydrides). This has a direct
impact on whether a hydrogen storage material will be used only once on-board a
vehicle and regenerated (chemical hydrides: alane, amino-boran, etc., or if the enthalpy
of reaction is in the narrow range (10 to 40 kJ/molH2) to allow on-board hydrogen
recharging. Thus accurate information on thermodynamic stability of hydrides is
absolutely crucial for practical applications.
The ideal enthalpy of formation to provide 1 bar of hydrogen at room temperature is
about 35 kJmol-1 For a hydrogen fuel cell vehicle approximately 5 kg of hydrogen is
needed to provide the same driving range as a standard gasoline powered vehicle. The
amount of energy required to completely fill (or release) this amount of hydrogen is
87.5 MJ. Filling an ambient hydride system in 5 minutes with hydrogen would produce
292 kW of heat or enough heat to boil approximately 9 gallons of water.
With these materials, only thermodynamic considerations do not take into account the
complexity of the design and efficiency of heat transfer to and from the storage system
(Figure 196) or the efficiency of the balance of plant energy requirements of the
complete on-board reversible hydride storage system (Figure 197).
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Figure 196. Design principles of metal hydride storage tanks. 276
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Figure 197. Schematic diagram showing some of the balance of plant
components required for a hydride based hydrogen storage / fuel cell
277
system.

1.5.2 Off-board Regenerable Hydrides Storage Systems

The off-board regeneration of chemical hydrides is a key factor in the full analysis of
practicality and cost effectiveness of these materials for use in storing hydrogen for
vehicular applications. In the case of these exothermic hydrogen release systems, simply
exposing spent material to gaseous hydrogen is not a practical method for regeneration
278
of the hydrogen storage material. For materials such as ammonia borane, lithiumaluminum-hydride, 279 and alane 280 a chemical process is required to re-hydrogenate the
materials after hydrogen release.
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Any discussion of chemical hydrogen storage regeneration must start with a
quantitative description of the free energy of hydrogen release from the storage
material. In this case we will employ ammonia borane (H3N–BH3 or AB) as an example as
chemical regeneration in this system has been studied quite extensively. The
dehydrogenation of AB (2-2.5 equiv H2 released, generating polyborazylene) is
exothermic by ca. -60 kJ/mol (Equation 214). While this is closer to thermoneutral than
hydrolysis of AB (∆H = ca. -950.4 kcal/mol), for example, the reaction is quite exergonic
due to the entropy increase from the evolved H2 gas. The reverse, endergonic reaction
(Equation 215) requires a tremendous hydrogen pressure, on the order of 100,000 atm.
This pressure is too great to be feasible on an industrial scale. Instead, several
regeneration schemes that involve stepwise reactions of spent fuel with proton (H+) and
hydride (H-) sources have been explored. Addition of H+ and H- has the same net result
as direct H2 addition, but these former reactions are mechanistically and
thermodynamically feasible. Schemes of this sort are the best way to efficiently
overcome the innate energy barrier in chemical hydrogen storage regeneration by
separating the large thermodynamic and entropic barriers into achievable steps.

Equation 214

AB  2 H2 + BNHn

Equation 215

BNHn + 2 H2  AB

Another important concept is that the relative extent of dehydrogenation of AB, may
impact the effectiveness of a given regeneration scheme. While AB has an ultimate H2
capacity of 19 wt.% corresponding to storage of three molecules of H2, in practice
release of 2-2.5 equivalents of H2 is an achievable, realistic goal. Complete release
would result in the formation of boron nitride (∆fH° = -477 kJ/mol) which is undesirable.
Furthermore, BN is quite unreactive, requiring strong acids or strong oxidants for even
281
partial digestion. In general, a total of 13-16 wt.% hydrogen is realistically obtainable
from ammonia borane. Thus, by design, the spent fuel in the reported regeneration
schemes for ammonia borane refers to the material produced when 2-2.5 H2 is released.
The published report for the regeneration of ammonia borane from spent fuel (Figure
198) shows the several chemical steps necessary for regeneration.
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Figure 198. Demonstrated off-board regeneration scheme for spent ammonia
borane278.
The most important issue in the regeneration process is the overall energy efficiency.
The publication of Figure 198 describes a method to estimate the optimum energetic
efficiency for ammonia borane regeneration. Equation 216 has been developed on the
basis of the energy of oxidation for one mole of H2 to form H2O ( 42 kJ).
Equation 216

Other methods for regeneration of exothermic hydrogen release materials such as
electrochemical hydrogenation have been explored successfully. 282 The direct
hydrogenation of aluminum to alane ordinarily requires over 105 bars of hydrogen
pressure at room temperature but in solution direct electrochemical conversion of
aluminum to alane is possible.
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1.5.3 Physisorption storage systems

The system behaviors of hydrogen physisorption storage systems can be significantly
influenced by the intrinsic thermal effects of adsorption (storage) being exothermic and
desorption (release) endothermic. During filling under conditions in which the
adsorption heat cannot be efficiently dissipated, the system heats up resulting in
reduced storage capacity due to temperature increase. In a discharge process without
energy supply for desorption, the system temperature will drop, and hence the
adsorbent is able to retain a large amount of hydrogen gas. This will lead to an increase
in the residual amount of hydrogen at the depletion pressure and decrease of the
amount of hydrogen gas extracted from the system. Nevertheless, these issues could be
resolved by equipping an adsorption vessel with multilayer vacuum super insulation.20

Figure 199 depicts a typical low-temperature adsorption vessel. The vessel is completely
filled with adsorbent material and is insulated to minimize heat transfer with the
environment. The purpose of the heat exchange device is to cool or heat the system.283

Figure 199. Typical cryogenic adsorption-based vessel.283
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2 Experimental and Analysis Considerations
For reversible hydrogen storage materials (both reversible hydrides and physisorption
materials) the energy release on hydrogen uptake and the energy required to release
the stored hydrogen is one of the most important thermodynamic properties to be
measured. For reversible hydrides it is generally the enthalpy and entropy of hydride
formation that is of interest and for physisorption materials it is the isosteric heat of
adsorption that one wants to ascertain. These properties are usually determined from
PCT isotherm measurements. PCT measurements are typically made using either
volumetric or gravimetric instruments. There are important practical and accuracy
issues with both methods that must be fully understood in order to make high-quality
measurements. These issues have been covered to a large extent in subsections 5.3 ,
5.4 and 5.5 of the Introduction and subsections 2.3.1 , 2.3.2 and 2.3.3 of the Capacity
section of this Best Practices document. In addition to the volumetric and gravimetric
methods for making PCT measurements an overview is presented here in subsection
2.1.4 for the combinatorial method of making PCT / van ‘t Hoff measurements of
enthalpy and entropy of hydride formation using Hydrogenography.

It is vitally important for physisorption measurements of any kind, that capacity data
is properly labeled as either “excess”, “absolute”, or “total” capacity. And equally
important that any assumptions made in determining the capacity values are clearly
reported. The use of one or the other of these different means of calculating and
reporting capacity will also impact the determination of the isosteric heat of
adsorption and, therefore, should be clearly disclosed in all reporting thermodynamic
results.

The basic result that is generated from both volumetric and gravimetric measurements
is “excess” hydrogen capacity. From a best practice point of view and consistency in
the field, the measured hydrogen “excess” capacity is what should be reported.
Everything else, absolute and total capacity, is an estimate based on this physical
measurement and will only be as valid as the assumptions made in making these
estimate.

Other methods to measure thermodynamic properties and important considerations in
using these methods are covered in subsections 2.2 – 2.6 of this Thermodynamics
Section of the document.
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2.1 PCT Measurements
Volumetric method and gravimetric method are the two primary methods for the
determination of equilibrium sorption isotherms. In the volumetric method, the
hydrogen sorption or uptake is measured by monitoring the drop in hydrogen pressure
in a system of a fixed, known volume, with desorption being monitored by an increase in
pressure. The volumetric method is also known as the Sievert’s Method or Manometric
Method. In the gravimetric method, the hydrogen uptake is measured by monitoring
the weight of the sample following a step change in the hydrogen pressure. A series of
isotherms measured at different temperatures can then be used to calculate certain
thermodynamic properties of the hydrogen solid system.

2.1.1 Equilibrium PCT Measurements
Van ‘t Hoff plots are a commonly used method for determining the thermodynamics. It
is critical for thermodynamic analysis that the measurement of a PCT isotherm is
performed in such a way that the hydrogen gas, and hydrogen storage media have
attained equilibrium before recording Peq or (for hydrides) the equilibrium plateau
pressure. Achieving true equilibrium pressures is what separates out (and removes) any
slow kinetics effects from the pressures that are used to create van ‘t Hoff plots and,
ultimately, determine reaction enthalpies and entropies.
To be able to derive van ‘t Hoff plots accurately from PCT isotherms it is important that
enough data points have been taken in each PCT isotherm to be able to clearly identify
plateau pressures and distinguish phase transitions. In volumetric PCT measurements it
is recommended that at least 30 but preferably as many as 100 steps in concentration
(data points) be taken for each isotherm (with at least 5-10 data points per plateau).
This is equally true of gravimetric measurements. However, the fact that gravimetric
PCT measurements take steps in pressure rather than concentration means that it may
be difficult to determine exact equilibrium pressures for materials with flat plateaus
(complex hydrides for example). This is because a material may go from the unhydrided
state to the completely hydrided state in one pressure step (as there is no limit on the
amount of hydrogen to which the sample is exposed). The equilibrium pressure for a
given sample temperature will be somewhere between the final pressures before and
after the hydriding (or dehydriding) pressure step. In this case the accuracy of the
equilibrium pressure is a function of the size of the pressure step that is taken rather
than the accuracy of the measuring pressure transducer.
The plot of the van ‘t Hoff relationship of pressure and temperature is often used as a
simple way to compare stability of hydrides. It is important to note however, that the
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slope of the ln P versus 1/T remains only an estimation of the formation enthalpy of the
hydride, even for the ideal case treated here.
For an idealized reversible system, the enthalpy of transformation,
→ αβ, can be
derived from Equation 162. The contribution of the heat of hydrogen solution (partial
molar enthalpy of solution of hydrogen in the metal/compound) is not taken into
account in this calculation and must be evaluated to obtain a reasonable estimation of
the actual Heat of Hydride Formation. The contribution of the partial heat of solution to
the total Heat of Hydride formation is impacted by:
a) the compositional extent of the solid solution (see for example Y-H2 system
shown in Figure 200 below),
b) the relative strength (energetics) of this partial enthalpy of solution and the
integration of this value between nH=0 up to the composition at the phase
boundary nH=a, and
c) in addition, accurate measurements of the enthalpies of solution and hydride
transformation are highly dependent on the 'quality' of the pressure
measurements (calibration of the pressure sensors...). This is particularly true in
the low pressure range where a direct measurement of the heat evolved
(absorbed) may be the preferred measurement technique.

Figure 200. Experimental isotherms for the system yttrium-hydrogen (O,
absorption points; ● desorption points) showing the wide compositional range
of the solid solution phase. 284
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An important distinction between gravimetric and volumetric methods is that
gravimetric instruments make PCT measurements by incremental changes in pressure,
whereas volumetric instruments make PCT measurements by incremental changes in
concentration. Thus, in gravimetric PCT measurements one has control over the y-axis
(pressure) but essentially no control over concentration. For materials with relatively
flat equilibrium plateaus (alanates, borohydride… essentially reversible chemical
hydrides) an incremental increase in pressure from slightly below the plateau to just
above the plateau will fully hydride the sample. The inverse is true for desorption. This is
why gravimetric equilibrium PCT measurements on such materials often have no data
points actually on the plateau. The plateau pressure can thus be inferred to be between
the highest pressure of the sample in its unhydrided state and the lowest pressure in its
hydrided state.

2.1.2 Volumetric Method

For routine hydrogen sorption measurements of porous materials, the volumetric
method predates gravimetric method, primarily owing to the technological
developments necessary for the latter, in terms of microbalance technology and the
need for computer control. However, for volumetric method, it is important to
accurately determine the sample skeleton volume (or skeletal density), which could
cause large errors in the calculation of the heats of adsorption. In practice, He, which is
assumed to have negligible adsorption on the substrate at room temperature and low
pressure, is usually employed as the calibration gas and the volume difference between
the measured volume of the sample cell before and after loading the sample into the
cell at room temperature is the sample skeleton volume.143
The following are important issues that need to be addressed in making accurate
volumetric measurements in particular for physisorption materials at low temperatures
and high pressures.
2.1.2.1 Temperature Correction
The excess H2 storage capacities in porous MOFs are often measured at cryogenic
condition (77 K). The huge temperature difference between the gas reservoir and
sample holder needs to be corrected based on the methods discussed above. In practice,
it is necessary to soak the sample holder in liquid nitrogen bath for 30 min or longer to
reach a thermal equilibrium. In addition, with simple Dewar systems, a deeper or larger
flask is recommended because it can keep the temperature longer. An important
consideration is that if the cryogenic liquid level in the Dewar changes significantly
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during a measurement, the gas temperature (density) gradient will also change, causing
a change in the “apparent volume” and thus errors in the measurements. Cryogenic
systems that maintain a constant cryogenic temperature zone either through LN2 refill
or by cooling through Cryo-evaporation are more stable and will remove or significantly
reduce this error.
When it comes to room temperature measurement, the environmental temperature
fluctuation will also affect the results. It would is recommended to keep all components
of the equipment (including sample holder) in a constant temperature environment.
2.1.2.2 Temperature Measurement
It is often the case with volumetric instruments that the thermocouple used to measure
sample temperature is not in direct contact or, at least, in the middle of the sample. In
many cases the thermocouple is in the furnace (or dewar, or cryostat) surrounding the
sample holder. This is unlikely to give an accurate reading of the actual sample
temperature because of heat leaks through the gas tubing, convection, etc. This
problem becomes worse as the sample temperature is further from room temperature.
Typically the measured temperature of the furnace is set using a calibration table or
function to account for the difference in temperature at the point of measurement and
the actual temperature of the sample. However, even a slight change in the position of
the sample holder in the furnace (dewar) can cause a significant (as much as 10-20%)
variation in the actual temperature of the sample. This, in turn, will cause large errors in
the determination of heats of reaction by the van ‘t Hoff method. Bogdanovic et al.
reported an error of ±1.7 kJ/mol H2, or 2.4%, based simply on an uncertainty of ± 0.5 oC
in the sample temperature. 285
The take home message is that temperature measurements that are not taken from
within, or at least, in close proximity to the sample are probably unreliable and certainly
will not be able to register temperature changes in the sample due to exothermic or
endothermic reactions.
2.1.2.3 Free space measurement
One of the biggest problems encountered for high-pressure sorption measurements is
the determination of the dead volume. Since porous MOFs are usually microporous, the
helium uptake during the free space measurement is almost inevitable. In addition,
there is often a large difference between the free space determined via adsorption vs.
desorption. The difference of free space obtained can easily impose 10% error on the
final result. In order to get an accurate result, the free space used for temperature
correction to the adsorption isotherms should be obtained through adsorption data,
and more than ten separate dead volume measurements should be carried out to get an
accurate mean value.
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2.1.2.4 Sample Quantity
The effect of sample quantity on the result is not straightforward. Small amounts of
sample give less of an error on the dead volume determination, but pressure changes
due to sorption are subsequently smaller, leading to larger errors in the final result.
Larger quantities of sample give more accurate and reliable reading on the pressure
change, but would also introduce more error on the dead volume determination.
Generally, dead volume measurements using Helium at room temperature provides
enough accuracy that the advantage of higher accuracy in the pressure change
measurement is significantly more important. Thus, larger amounts of sample are
almost always preferred.
2.1.2.5 Sample Handling
If the porous material has high H2 storage capacity, it normally also means it will adsorb
moisture in the air too. In order to prevent contamination from the air, all sample
handling should be carried out in a glove box and then sealed before removal. Before
measurement, samples should be degassed on the equipment at high temperature
overnight to completely remove any adsorbed moisture.

2.1.2.6 Leak Checks
Hydrogen leaks in high pressure equipment not only affect the results, but can also be
very dangerous regardless of the type of measurement equipment being used. All gas
fittings and seals should be checked regularly (every measurement) to prevent gas
leakage. One can easily identify a gas leakage during the free space determination. If
there is huge difference between different runs, that typically means a gas leakage. In
addition, a flammable gas detection system is very helpful during the H2 measurement.
2.1.2.7 Full Isotherm Van ‘t Hoff Measurements
The classical method for determining the thermodynamics of hydride formation and
decomposition as discussed in section 1.2.4 above is to make a series of PCT isotherm
measurements at different temperatures. Then to create a van ‘t Hoff diagram by
plotting the natural log of the plateau pressures vs. 1/sample temperature. This is
illustrated in Figure 201 for a series of PCT desorption measurements on LaNi5.
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Figure 201. Standard method of making a Van ‘t Hoff plot from a series of
desorption PCT measurements at different temperatures LaNi5.
Using the volumetric measurement technique dosing takes place in increment
concentration steps, unlike in the gravimetric technique where data is collected in
incremental pressure steps and there may or may not be actual data points on the
plateau depending on the intrinsic slope of the two-phase region (alloy and hydride).
The volumetric measurement technique is advantageous for van ‘t Hoff analysis for two
reasons. The first is that this method is very accurate in identifying plateau pressures at
exact and consistent hydrogen concentrations. The second is that, at those
concentrations the pressure time profile can be observed to ensure that the reaction
has reached equilibrium. In fact, for materials with poor kinetics, it may be possible to
use the pressure / time profile to extrapolate to a theoretical plateau pressure without
waiting an unreasonable amount of time (more than a few days) to reach equilibrium
for each gas dose.
As mentioned earlier, it is important to collect many data points along the PCT isotherm.
One reason is that more than one hydride phase may be formed with very similar heats
of formation. Large dosing steps, or the pressure stepping process in the case of
gravimetric measurements are likely to miss these details. This is one reason why the
volumetric method of having many concentration data points on a PCT plateau is
advantageous. In such a case it is necessary to take very small steps in concentration
and wait sufficiently long at each step to reach equilibrium. An example of this is shown
in Figure 201 and detailed in Figure 202. PCT measurements (left) were made using very
small steps in concentration (small volume doses and small pressure steps) on a LaNi5
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sample at different temperatures. The ability to collect many data points along the
isotherm made it possible to observe the formation of a second meta-stable hydride
phase (which has been identified as the gamma-phase by Ono 286 and others). This is
important, because, had only a few (e.g. 10) data points been taken the step in the
plateau pressure may not have been observed. The potential effect on the
determination of the entropy and enthalpy of hydride formation are shown
schematically in a simulated van ‘t Hoff plot on the right side of Figure 202. The
difference in the equilibrium pressures between the two plateaus (orange vs. green) is
significant and if incorrectly ascribed to one hydride or another (or in the case of only a
few data points; averaged between the two) would lead to inaccuracies in the
determination of the entropies and enthalpies of hydride formation.

Figure 202. Illustration of detailed volumetric desorption PCT measurements at
different temperatures for LaNi5 (left) and different possible van ‘t Hoff plot
derived from these isotherms (right).
2.1.2.8 Micro-Volumetric Full Isotherm Measurements
Occasionally samples are too small (1-100 of mg depending on H2 capacity) to be
measured on a standard volumetric instrument. This has been the circumstance for
some thin film samples and materials that are difficult to synthesize in large quantities,
as was the case in the early days of single wall carbon nanotubes.214 In such cases a
specialized micro-volumetric instrument was used to perform PCT measurements in
much the same manner as a typical full sized volumetric instrument.
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Figure 203 shows a series of PCT measurements of a thin-film sample of
palladium/nickel (Pd deposited on thin Ni film and removed from the substrate) using a
Sievert’s-type instrument with a MicroDoser attachment. 287 Not only was the sample
relatively small (91.3 mg), but palladium-hydride has a relatively low hydrogen content
(0.6 wt.%). Thus, the PCT measurements involved extremely small quantities of gas. The
number of data points along the PCT curves demonstrate the ability to dose the sample
with very small quantities of hydrogen. This is a necessary prerequisite for being able to
perform a “Direct van ‘t Hoff” measurement on this sample.

Figure 203. A series of absorption and desorption PCT measurements at 38°C,
110°C and 200°C on a thin-film Pd/Ni sample removed from the substrate.287

Focusing on these full PCT measurements for the moment, one can see that there is a
clear hysteresis between absorption and desorption measurements. To understand
whether this was a materials effect or an artifact of non-equilibrium measurements, it is
necessary to look at the pressure-time data recorded during the automatic dosing
process. For this experiment, the equipment allowed efficient exponential time data
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collection an equilibrium test function to be performed to reduce the quantity of data
collected and speed up the total isotherm collection time. The equilibrium test function
required the instrument to only stay within a given dose until the approach to
equilibrium test condition was met (i.e. rate of absorption or desorption falls below a
selected value).

Figure 204 shows a portion of the pressure time sequence of doses collected in the
beginning of the absorption PCT at 38°C. The data demonstrates that the absorption at
each dose has reached a sufficiently steady pressure. This means that the sample’s
hydride phase can be considered to be in equilibrium with the gas phase at the final
pressure reading of each dose (equilibrium pressure). It is this final pressure reading
that corresponds to the plateau pressure in the corresponding PCT plot at the measured
hydrogen concentration.

Figure 204. Portion of pressure vs. time data for a sequence of doses of
hydrogen during an absorption PCT measurement at 38°C.

Figure 205 shows similar pressure vs. time data across the plateau region of the
desorption PCT at 200°C. Note that data is collected very rapidly at the beginning of
each dose. In some cases, the first data point of each dose is taken just as the dosing
valve opens, before the gas pressures between the dosing reservoir and the sample
volume have equalized. Thus, the actual reservoir pressure is observed at the beginning
of many of the individual doses.
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Figure 205. Pressure vs. time data for the plateau region of the desorption PCT
measurement at 200°C.
The important point of these figures is to show that for every dose the instrument
waited a sufficiently long time for the desorption to reach an equilibrium state. This is
demonstrated more clearly by focusing in on an individual dose of Figure 205 (shown
below in
Figure 206).

Figure 206. Pressure vs. time data of a single desorption dose in the PCT
measurement at 200°C.
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One can be certain then that the observed hysteresis is truly a material effect and not
an artifact of the measurement process.

2.1.2.9 Direct Van ‘t Hoff Measurement Technique
The issue, however, is that even for materials with relatively good absorption and
desorption kinetics (e.g. LaNi5 in the example), collecting a series of PCT measurements
may take from several days to weeks. Even worse, materials with moderate to poor
kinetics may take many weeks to months to perform a proper series of equilibrium
thermodynamic PCT measurement.
Fortunately, well designed volumetric equipment can allow one to perform what we
term here a “Direct van ‘t Hoff” measurement. This method is efficient in that the
measurement time can be reduced to less than a single PCT measurement. The
technique is only accessible to volumetric measurement systems. However, there are
important caveats and precise control over the experiment is absolutely necessary. The
method is explained here using hydrogen desorption from LaNi5 as an example.
Figure 207 shows a real-time desorption PCT measurement on LaNi5 in which the
automated desorption dosing (removing hydrogen in steps) is manually halted at a
hydrogen concentration of about 3 H/f.u. This is done by changing the maximum time
for the current dose from 25 minutes to infinity. Thus, the experiment is fixed at a point
where the all quantities are known. That is, a known quantity of sample in a known
volume, and a known total amount of hydrogen (in the gas + hydride phase) in the
system. If the sample is large enough (~5 grams for LaNi5) and the instrument volume
small enough (~ 10 ml in this case) the gas pressure measured when equilibrium is
achieved will be the plateau pressure for the sample in a narrow range of hydrogen
concentrations at that particular sample temperature.

Page 430 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 4: Thermodynamic Measurements

Figure 207. A desorption PCT measurement on LaNi5 at 50°C in which dosing is
stopped at a hydrogen concentration of 1/2 the total sample content (i.e. ½
LaNi5H6 or 3 H/f.u.).
The real-time pressure vs. time data used to produce the PCT plot of Figure 207 is
shown in Figure 208. The dosing was manually stopped after approximately 9 hours into
the run. At this point the individual dosing time limit was changed to infinity and the
samples temperature was decreased to near room temperature. The sample
temperature was then increase in steps of 10°C from 30°C to 80°C. At each step, the
temperature was held constant until equilibrium was achieved and then increased to
the next temperature. In this example a series of equilibrium pressures were collected
at 6 temperatures over about a 2 hour period.
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Figure 208. The pressure / time profile for the same desorption PCT on LaNi5 in
which dosing is stopped at 3 H/f.u. and the temperature of the sample is first
reduced to room temperature then increased in steps of 10°C.

With the “Direct van ‘t Hoff” method, it is important to ensure that concentration does
not change significantly during the temperature stepping. As the temperature is
increased the sample will desorb hydrogen until the equilibrium pressure is attained.
This means that the sample’s hydrogen content will change. In-other-words, it is
important to maintain a relatively constant concentration and to certainly avoid the
sample falling off the plateau. Figure 209 shows a zoom in on the real-time
measurement of hydrogen concentration (H/f.u.) vs. time plot during the temperature
stepping process. In this case, the sample’s hydrogen concentration change was only 0.3
H/f.u. which is about the space between two consecutive data points on the PCT curve.
This example worked well because the sample was large (5 grams) and the total gas
volume of the PCT instrument was small (approximately 10 ml). Smaller samples, sloping
plateaus and larger gas volumes may lead to errors in the direct van ‘t Hoff
measurement method.
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Figure 209. The Concentration / time profile for the same desorption PCT on
LaNi5 zooming in on the portion of concentration change as the sample’s
temperature is increased in steps of 10°C.

The results of the "Direct van ‘t Hoff" data are shown in Figure 210 and are compared
with data taken from the full series of PCT measurements at the same hydrogen
concentration. The direct data is in agreement with the PCT data and actually shows
significantly less standard deviation. A noteworthy point in this example is that the
choice of "mid-plateau" was not ideal for LaNi5, as it is at that concentration at which
the gamma-phase hydride occurs. The PCT measurements themselves show the gammato-beta hydride phase transition. This may explain the deviations in the van ‘t Hoff
results from the PCT data. It would have been better to perform separate “Direct van ‘t
Hoff” measurements at 1.5 and 4 H/f.u. to accurately determine the enthalpy of
formation (or decomposition) of the two different hydride phases. The important point
is that the enthalpy of dehydriding LaNi5 was determined in a simple measurement that
took about 2 hours rather than several days. The dehydriding enthalpy was determined
to be -29.68 kJ/mol H2 which corresponds well with known literature values. The
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average value from eight separate publications is 29.8 kJ/mol H2, with values ranging
from 28.5 to 30.8 kJ/mol H2. 288

Figure 210. Van ‘t Hoff plot of equilibrium desorption plateau pressures from a
series of PCT measurements (red) and a single “Direct van ‘t Hoff”
measurement on LaNi5 from 30°C to 80°C. The enthalpy and entropy of
hydrogen desorption determined from the slope and intercept of the direct
measured data are given in the inset of the figure.
Unknown, reversible hydrides will certainly require one or two full PCT measurements
to determine what hydriding plateaus exist within a measurable pressure range. But
once these are determined, rapid dosing to fixed concentration and direct van ‘t Hoff
measurements can be performed to quickly and accurately determine enthalpies of
hydride formation.
2.1.2.10 Micro-Volumetric Direct Van ‘t Hoff Measurements
While large sample sizes are preferred, sometimes samples are too small to be
measured on a standard volumetric instrument. Thus, a micro-volumetric instrument as
discussed above can be employed. It is also possible to make “Direct van ‘t Hoff”
measurements on very small samples. The key factor is that the total free gas volume of
the instrument should be equally small. This is demonstrated in the following example
of the hydriding of a very small sample of Pd.
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Because the free-gas volume of the commercial instrument used in this example
(PCTPro-MicroDoser) is very small (~1.5 ml) it was possible to perform "Direct van ‘t
Hoff" measurements on a Pd thin film sample. This is particularly advantageous when
kinetics are so slow that full series of PCT isotherms would take an unacceptable
amount of time to complete a standard van ‘t Hoff plot.
These micro-volumetric "Direct van ‘t Hoff" measurements were done by running a
standard PCT measurement until the samples hydrogen concentration reached a desired
value (in this case a little less than 0.3 H/M. At this point, the control parameters were
changed to stay for an unlimited amount of time at the current dose, while the samples
temperature was increased in steps. With each temperature increase, the sample
desorbs hydrogen until a new equilibrium is achieved. The pressure and temperature
were then recorded to create a van ‘t Hoff diagram.
The samples hydrogen concentration was monitored continuously. When the
desorption pressure reached a point where the concentration is no longer near midplateau, the sample was then dosed with more hydrogen to return to a middle range
concentration and the process was resumed. Figure 211 shows the pressure /
concentration diagram of the measurement with the initial dosing to reach a
concentration of 0.3 H/M. This was followed then by two separate series of doses at
higher temperatures to return to mid-plateau concentrations. Note that accurate
determinations of the hydrogen concentration in the sample can only be done while
changing temperatures if there is temperature compensation in the concentration
calculating algorithm.

Figure 211. Pressure vs. concentration diagram of the “Direct van ‘t Hoff”
measurement. The initial dosing reached a concentration of 0.3 H/M. This was
followed by increasing the temperature in two steps with a separate series of
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doses at each step to return to mid-plateau concentrations. “Direct van ‘t Hoff”
measurements were taken at the points indicated by the red circles.
The temperature stepping process of the "Direct van ‘t Hoff" measurement and the
associated changes in pressure (log scale) and concentration changes are presented in

Figure 212. Equilibrium temperatures and pressures were taken from this data to create
the van ‘t Hoff plot of Figure 213. Long stretches of inactivity in the measurement were
because the experiment was performed over a few days (with no changes made during
the night). Clusters of doses can be observed at the beginning and end of the
measurement as the sample’s hydrogen content was modified to re-center the
measurement to mid-plateau. With experience (and good kinetics), such a
measurement to collect 10 or more equilibrium data points, would require about a day.
This is a big advantage over the many days that would be needed to perform an
equivalent series of equilibrium PCT measurements.

Figure 212. The temperature stepping process of the "Direct van ‘t Hoff"
measurement on a Pd/Ni thin film sample with the associated changes in
pressure (log scale) and concentration.
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Figure 213. Van ‘t Hoff plot of equilibrium desorption plateau pressures from a
series of PCT measurements (red: absorption, blue: desorption) and a single
“Direct van ‘t Hoff” measurement on a 91 mg Pd/Ni thin film sample from 38°C
to 250°C. The enthalpy and entropy of hydrogen desorption determined from
the slope and intercept of the direct measured data are given in the inset of
the figure.
Figure 213 shows the van ‘t Hoff data for both the absorption and desorption PCT
measurements using plateau pressures at 0.3 H/M as well as the “Direct van ‘t Hoff”
data. The difference in enthalpies of absorption and desorption (hysteresis) can be seen
from the PCT data. The enthalpies of hydride formation have been calculated from the
slope of the Direct van ‘t Hoff data (excluding two points, see explanation below) to be 35.75 kJ/mol H2 and the entropy to be 87.78 J/K mol H2. This is in approximate
agreement with literature values for bulk palladium of the absorption enthalpy of the
α→β phase transition of -37.12 kJ/mol H2 and the absorption entropy of approximately
91.0 J/K mol H2. 289
These measurements not only demonstrate advantages, but also point to a couple of
important caveats in the method. While it is possible to do this direct measurement on
such a small (low H content) sample, it is absolutely necessary to keep track of the
sample’s hydrogen concentration because the temperature changes cause relatively
large concentration changes. In this case, dosing was used to re-adjust concentration to
the mid-plateau point 2 times during the temperature stepping process.
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It also shows another important point which still remains to be clarified. This is that for
interstitial hydrides there is hysteresis in the plateau pressures between absorption and
desorption. One would assume when the temperature is increased in steps in a “Direct
van ‘t Hoff” measurement, that it is purely the desorption equilibrium that is being
measured and when the temperature is decreased in steps it is absorption plateau
pressures that are being measured. However, this is contrary to the present results
which show that of the “Direct van ‘t Hoff” data points appears to align with the
absorption PCT data. A notable exception is the two data points in the middle region of
the plot. This deviation may be due to the hydrogen concentrations in the sample at
these points being far from mid-plateau (i.e. having fallen off the plateau). Or it may be
due to a change from absorption to the desorption equilibrium conditions.
To reiterate, the key to such measurements is to have the free gas volume of the
instrument matched to the quantity of sample with as much material and as little gas
volume (ideally none) as possible.

2.1.2.11 Physisorption Measurement Systems
Hydrogen physisorption measurements are often performed with a volumetric system
involving successive gas expansions from a reference to a sample cell as shown in Figure
214. Schematic view of a volumetric system.290

Figure 214. Schematic view of a volumetric system. 290
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The majority of physisorption storage measurements are carried out at low
temperatures (typically 77K). Because of the extreme temperature differential between
the reference cell and pressure transducers, temperature monitoring, control, and in
particular, stability are very important in all temperature and pressure ranges of
physisorption measurements. For low temperature measurements, one common setup
is to place the sample cell inside a temperature controlled cryostat operated using liquid
nitrogen (Figure 215). It is critical to understand that if a basic liquid Nitrogen (or
Argon…) dewar is used to keep the sample at 77K, the liquid Nitrogen level must be kept
constant (either by topping up the dewar or by moving the dewar). If not the
temperature gradient will change with time and will typically have a significant affect
on the results that is difficult if not impractical to correct. Because of this complication,
a temperature controlled cryostat is often used instead of a dewar. A cryostat will also
enable measurements at temperatures other than that of the cryogenic liquid.
An advanced system of control over the static (not changing in time) gas temperature
gradient can be achieved by creating a quasi-discreet temperature change in the tubing
between the cryogenic temperature of the sample cell and the elevated temperature
(typically room temperature) of the gas dosing volumes. This is done by fixing a second
temperature control system (also shown in Figure 215) on the gas tubing just above the
sample cell. A small heating element allows heating on a small length of the tubing to
keep the major part of the gas at, or near, room temperature with minimal perturbation
of the cell’s temperature. It also allows for a nearly discrete temperature change in the
gas rather than an extended temperature gradient which is more difficult to
compensate for in the gas law calculations of hydrogen mass balance.21 The sample
cell’s controlled heating element enables the sample temperature to be controlled at
temperatures above that of the cryogenic liquid (typically T> 77K). This enables
adsorption and desorption isotherms to be collected at several sample temperatures
which is required to determine the isosteric heats of adsorption. Clearly accurate
measurements of the sample’s temperature is essential for meaningful thermodynamic
analysis.
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Figure 215. Schematic view of the cryostat (details).290
Measurements (Figure 216) of excess hydrogen adsorption isotherms at temperatures
ranging from 83 to 273 K based on the above system has allowed the accurate
determination of isosteric heats of adsorption of several microporous materials by
290
applying the Dubinin-Astakhov (DA) model.

Figure 216. Adsorption enthalpy ∆H 0 plotted as function of fractional filling for
different samples where w0 is the maximum uptake at 77K.290
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2.1.3 Gravimetric Method

The gravimetric method is often used to determine thermodynamic information
indirectly through PCT measurements. The plateau pressures from multiple isotherms
can be compiled into a van ‘t Hoff plot. As described in Section 1.2.4 , the van ‘t Hoff
equation can be used together with a van ‘t Hoff plot to determine ∆Hf and ∆Sf for a
reaction.
2.1.3.1 Hysteresis in Reversible Hydrides
However, these measurements are not always as straightforward as they may seem. As
mentioned earlier, hysteresis can lead to a different ∆H for the sorption and desorption
reactions, so it is important to specify whether absorption or desorption values are
being reported. While some hysteresis may be an intrinsic property of the storage
materials, it can also be due to not achieving equilibrium conditions. In particular,
materials with large heats of formation will produce significant heat on adsorption
heating the sample and cooling on desorption. Thus, for the measurement to achieve
equilibrium, the sample must return to the set temperature by transferring heat. This
can be difficult to achieve where the only thermal contact the sample has is with the
large volume of gas as is the case in gravimetric measurements. While hysteresis effects
can be reduced by allowing a longer time to reach equilibrium at each measurement
point, some materials have such poor kinetics that this is impractical.
2.1.3.2 Temperature Measurements
Accurate sample temperature measurement is critical to correctly determine enthalpies
of reaction (and isosteric heats of adsorption) using PCT measurements. This may be a
significant issue with gravimetric measurements due to the difficulty of obtaining the
exact sample temperature measurements. This is because, generally speaking there is
no thermocouple in direct contact with the sample in most gravimetric systems. Note
that this is also often the case with volumetric instruments that do not have a
thermocouple in the middle of the sample as mentioned above.
Highly exothermic materials lead to even greater difficulty, since a typical sample
temperature may fluctuate considerably during hydrogen uptake and release. In this
case the equilibrium pressure will correspond to the sample temperature which may be
far from the applied pressure. Thus, the assumed sample temperature and measured
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pressure may not correspond well at all to the actual hydrogen uptake conditions
actually being experienced by the sample itself. In volumetric instruments this can be
remedied to some extent because the sample is generally in direct contact with the
vessel walls allowing greater heat transfer. It should be noted that this factor is
somewhat muted by the fact that powder samples typically have poor heat transfer
properties. Possibilities to mitigate these effects through enhanced heat transfer
methods are discussed in section 3.10
of the Kinetics chapter. However, with
gravimetric measurements the samples are typically suspended in the gas, excluding the
possibility of significant heat transfer, except through the gas itself.
2.1.3.3 Buoyancy
Buoyancy corrections have such a serious impact on the accuracy of gravimetric
measurements that it is worth covering this issue again in this section (please refer to
subsection 5.5.1 in the Introduction section as well). One common error is to introduce
the adsorbate density in the corrections and quoting the uptake results as an excess
uptake which it is not. There is also the risk of using an arbitrarily low adsorbate density
and reporting an unrealistic uptake value. This has been dealt with in subsection 5.5.1
in the Introduction, but worth reemphasizing here.
Having another look at the buoyancy correction, the upward buoyancy force on the
sample is equal to the weight of the fluid displaced by the sample. The degree of the
buoyancy effect is proportional to the volume displaced by the sample and the density
of the surrounding gas. The upward force due to buoyancy of the sample only is given
by:

Equation 217

ρ
Fb = gρ H ∆V = ms g  H
 ρs





where ms and ρs are the mass and density of the sample and ρH is the density of the
hydrogen gas. For a symmetrical balance (see Equation 9) the buoyancy force will also
include the mass mt and density ρt of the tare which may include terms representing the
mass and density of the sample holder (bucket, pan, beam, and the hang-down wires).

Equation 218

ρ
Fb = ms g  H
 ρs
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Or more explicitly:
Equation 219

ρ
Fb = ms g  H
 ρs

ρ 

 ρ
 + msp g  H  + mshd g  H
ρ 

 ρ shd
 sp 

ρ 

 ρ
 − mcw g  H  − mcwhd g  H
ρ 

 ρ cwhd
 sp 





Where the subscripts sp = sample pan, shd = sample hangdown wire, cw = counter
weight, and cwhd = counter weight hang down wire. Any other components on the
balance that is in the gas, such as sample holders, glass wool, etc. must also be included
in the buoyancy correction (with an accurate knowledge of the weight and density of
each). In addition any differences in the balance arm volume on the sample side versus
the tare side must also be added in to this buoyancy correction. In the above equations,
it has been assumed that the all components are at the same temperature and that the
hydrogen gas density is the uniform throughout the instrument. At elevated pressures ρ
is not only a function of pressure and temperature but must also include corrections for
non-ideal gas behavior. This calculation is may be complicated by the fact that at sample
temperatures far from room temperature there will most probably be a temperature
gradient (and thus hydrogen gas density gradient) in the gas surrounding the
components of the balance (pan, hang-down wires, balance beam). In a symmetrical
microbalance instrument, it is generally assumed that both sides of the balance
experience the same gradients and are zeroed accordingly. However, with very small
samples, any minute difference in the instrumental buoyancy may present large
apparent mass changes in the sample. With large temperature gradients the correction
may include the fact that the material densities will change with temperature.
In addition in the presence of a temperature gradient there may be convective gas
movement which also must be taken into account either by minimizing the effect
through equipment design or by at least recognizing the contribution this has to
decreased accuracy in the measurement (in particular of small-mass low density
samples at cryogenic or elevated temperatures).
For asymmetric balances (spring balances or magnetic suspension balances), the
influence of buoyancy on the sample and instrument components must be corrected
computationally, taking into account that the buoyancy of the balance parts occurs at
temperatures different from that of the sample. Thus, the upward force due to
buoyancy on an asymmetric microbalance is
Equation 220

m 
m 
Fb = gρ∆V = gρ (Ps , Ts ) s  + gρ (P, Tx ) B 
 ρB 
 ρs 
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where ρ(Ps,Ts) is the density of the hydrogen gas at the sample, ρ(P,Tx) is the density of
the hydrogen gas at various points along the components of the balance (P is constant,
but Tx will vary), ms and ρs are the mass and density of the sample and mB and ρB are
the mass and density of the balance components (bucket, pan, beam, and the hangdown wires).
When the density of the materials is ill-defined (e.g. for many microporous materials)
helium displacement curves can be used to calculate the buoyancy effect. In this case,
the essence of the buoyancy measurement lies in the extraction of the skeletal volume
(Vs=ms / ρs) from the helium displacement curve. This can be performed directly using a
microbalance to determine the skeletal volume of the adsorbent. This measurement is
quite straightforward when a sample is tested on a symmetrical instrument with no tare
weight. This approach is basically the gravimetric [method] equivalent of the free (dead)
space volume measurement in the volumetric [method]. In fact, there might be no need
for separate pycnometry measurements although it can constitute as excellent
verification.
Note that there is some concern that the helium may interact with some materials in a
way that causes error in determining the skeletal volume and consequently may lead to
errors in the quantity of hydrogen absorbed by such a sample. These interactions may
be in the form of helium adsorption or it is possible that the helium pressure may affect
the density of the material. While not common for most materials, this issue will have
the strongest effect on low density, physisorption materials and may be exacerbated by
small sample sizes.
2.1.3.4 Other Considerations
Other important issues to be considered when making gravimetric measurements are:
- The impact of impurities in the hydrogen gas
- Foaming or material loss of the sample
- Evolved gases (e.g. solvents, water, ammonia…) from the sample during
bake out or desorption measurements
- Gas leaks out of (high pressure) or into (sub-ambient) into the
instrument
- Sample temperature measurements
- Adequate heat transfer to or from the sample
- Airless transfer of the sample into the instrument
- Volume dilatation of the sample on heating or hydrogen absorption
These topics are covered in detail in 5.5 of the Introduction section. These are
important considerations that should be well understood before making measurements.
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2.1.3.5 Gravimetric Thermodynamic Measurements
One important distinction between gravimetric and volumetric measurements of PCT
isotherms is that in the gravimetric method data is collected in incremental steps in
pressure (slices along the pressure axis of the PCT plot) whereas in the volumetric
method data is collected in incremental steps in concentration (slices along the
concentration axis of the PCT plot). This has an important consequence for
thermodynamics measurements. The classic van ‘t Hoff method determines enthalpies
and entropy from a series of PCT isotherms. This method relies on using equilibrium
pressure and temperature data at constant concentrations. The pressure and
temperature data will be as accurate as the sensors that are used to measure them.
However, concentration in a gravimetric measurement will be determined by the
pressure step which is a function of the pressure control device, not the pressure
measurement transducer. For most materials that have sloping isotherms this will not
be a problem because Peq values (for a given temperature) can be adequately
interpolated between data points at different (but close) concentrations. However, for
hydrides with relatively flat plateaus it is generally not possible to collect data points on
the isotherm (see Figure 18 and Figure 19). This means that the Peq will have to be
estimated to be between the two endpoints of the isotherm and therefore the accuracy
of the Peq value is dependent on the size of the gas dosing steps rather than on the
accuracy of the pressure transducer. Obviously the thermodynamic results will be more
accurate for measurement made with the smallest dosing steps the instrument can
perform. However, very small pressure dosing steps may require substantially more
data collection time.
2.1.4 Capacity and Thermodynamic Measurements

Most of the general considerations above have an impact on the of hydrogen storage
capacity (for both volumetric and gravimetric type measurements). Errors in capacity
measurements will have some effect on the determination of isosteric heats of
formation of physisorption materials (see section 1.3 ) because the P-T relationship to
determine enthalpy is calculated along isosteres (lines of constant concentration). These
means that errors in concentration values that are pressure and temperature
dependent will ultimately impact the calculation of enthalpy. For this reason it is
important that concentration determinations are accurate even for isosteric heats of
adsorption measurements.
The same consideration is true for hydrides that have sloping or multiple plateaus. Again,
this is because the van ‘t Hoff analysis should be performed at a specific hydrogen
concentration in the sample (usually center of a plateau). If the plateaus are sloping, for
a given isotherm the equilibrium pressure Peq can vary significantly depending on the
hydrogen concentration. Thus, any errors in concentration that are dependent on
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pressure or temperature will produce incorrect isotherms. These errors will translate
into an error in the van ‘t Hoff determination of enthalpy and entropy of hydride
formation or decomposition.

2.1.5 Thermodynamic Measurements Using Hydrogenography

The “Hydrogenography” technique was invented at the VU University Amsterdam as
described in the thesis of Robin Gremaud. It is now being further developed at the Delft
University of Technology. Hydrogenography is an alternative to the conventional
volumetric and gravimetric PCI methods used to study the thermodynamic properties of
hydrogen storage materials. Unlike bulk techniques, Hydrogenography is applied on thin
films of metal hydrides. It is an optical technique, based on the fact that metallic films
change their optical properties upon hydrogen loading and unloading (Figure 217). 291

Figure 217. Metal hydride thin film in the metallic (left) and in the hydrided
(right) state during electrochemical loading. 292
The Hydrogenography approach is similar in to the conventional Sievert’s technique
with the difference that the hydrogen concentration cannot be measured directly during
the experiment. Instead, we monitor the change in the optical transmission of metal
thin films while increasing and decreasing the hydrogen pressure during loading and
unloading, respectively (Figure 218). 293
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Figure 218. Optical transmission change in the metallic thin film during
hydrogenation (left) and dehydrogenation (right).293

In this case an abrupt change in the transmission corresponds to the coexistence region
or equilibrium plateau. Using the same experimental data in different coordinates,
namely P(H2) vs. ln(T/To) we plot the so-called Pressure-Transmission-Isotherms
(PTIs).233 According to the Beer-Lambert law, the logarithm of the normalized optical
transmission is proportional to the hydrogen concentration in the material in the two294,295,296
Note, that the method is not confined to materials showing a
phase region.
metal insulator transition on hydrogenation: materials such as Pd that show large
enough optical changes in transmission on hydriding can be studied by
Hydrogenography as long as the layer thickness is below 50 nm. This makes PTIs
equivalent to the Pressure-Concentration-Isotherms (PCIs) obtained with standard
volumetric or gravimetric methods, with the advantage that, due to the thin film
geometry, the usual heat transfer and diffusion issues encountered during the recording
of PCIs are minimized.
The optical transmission is used only as an indicator of the (de)/hydrogenation pressure.
The determination of the absolute hydrogen concentration falls outside the scope of
Hydrogenography. In the two-phase region, the hydrogen concentration can be derived
from the optical transmission, when the limiting hydrogen concentration of the α and β
phase are known and when there is an abrupt change in optical properties on forming a
hydride (i.e. relatively flat plateau). To estimate the exact amount of hydrogen dissolved
we use electrochemistry or nuclear resonance reaction methods (N-15).
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Through the recording of pressure–transmission isotherms at several temperatures the
van ‘t Hoff plot can be constructed and the corresponding thermodynamic parameters
(∆H, ∆S) of hydride formation and decomposition are derived.

A big advantage of Hydrogenography over the conventional methods is the possibility to
measure a large number of chemical compositions simultaneously.293,233 This
combinatorial high-throughput technique is capable of exploring the thermodynamic
behavior of about 103 samples by using large area gradient films with controlled
chemical composition. These can be created by co-deposition of two, three or more
metal constituents simultaneously with a spatially resolved gradient in the quantity of
each component film that is deposited. Measurement of the PTIs over a wide
temperature range allows for the parallel determination of the enthalpies and entropies
of hydrogen (de)/absorption for all the compositions present in the deposited thin film.
This enables the investigation of full metal-hydrogen binary, ternary or quaternary
systems and allows the identification of the most suitable compositional region and/or
alloy for practical application in a matter of days. This has been successfully probed with
the ternary Mg-Ni-Ti system, where a thermodynamically favorable composition of
Mg0.69Ti0.07Ni0.29 with an enthalpy of hydride formation of -40 kJ/mol H2 was found.293
Each composition, represented as a spot on the Mg-Ti-Ni phase diagram (Figure 219) is
determined either by measuring the thickness gradient of individual component films
using Profilometry or by using Rutherford Backscattered Spectrometry (RBS) on the codeposited thin film. For each spot the equilibrium pressure for hydrogenation is
determined. In case the PTI yields a sloping plateau or a plateau with several steps we
discard this data point. On the basis of the temperature dependence of the plateau
pressures the map of the enthalpy of hydride formation is constructed, which allows for
an easy detection of the most interesting thermodynamic region (Figure 219).

The thin films are often X-ray amorphous, which complicates the structural analysis of
interesting areas such as the Mg2Ni with 5% Ti. However, in this case, using DFT
calculations lead to the conclusion that it consist of a mixture of TiNi and Mg2Ni
resulting in a doped Mg2NiH4 structure.297 Recent EXAFS data confirm this analysis. An
important note is, that while the enthalpy is around 40 kJ/mol [H2], the plateau
pressures are in the 1-10 mbar range (relatively stable). This is due to the fact that the
entropy deviates substantially from the typical value of 130 J/mol K. In fact, comparing
the enthalpy with the entropy map reveals an amazing correlation between the two, the
origin of which is presently unresolved.

Page 448 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 4: Thermodynamic Measurements

Figure 219. Ternary composition diagram (left) showing the final optical
transmission state and the enthalpy map (right) of the Mg-Ni-Ti system,
estimated using the optically determined hydrogenation plateaus. Black region
on the right-hand picture represents chemical compositions that do not have a
293
well defined plateau on the PTIs.

As Hydrogenography is an optical technique, there are several requirements of the
samples. First of all, thin films should be deposited on a transparent substrate, usually
glass, sapphire or quartz to have no influence on the measured signal. Typically, sample
sizes used in the Hydrogenography experiments ranges up to 3 inch diameter wafers. It
is basically determined by the sample holder of the deposition system and the diameter
of the sapphire windows of the gas cell.

Secondly, samples should have a measureable transmission in the as-deposited state,
meaning that an initial optical transmission, To should be higher than the dark signal
(signal with no illumination). To satisfy this demand the thickness of thin films is
restricted to 50-100 nm.
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Another important point is the optical contrast, i.e. the difference between optical
transmission in the metallic and hydrided state, which represents the width of the
plateau in the Pressure-Transmission-Isotherm. Hydrogenography is capable of
monitoring the change in the optical transmission to the order of 0.5%-1% for the above
mentioned thicknesses, which makes it possible to measure thin films remaining in the
metallic state on hydrogenation such as Pd. For other materials, such as Mg, Y or Gd the
optical contrast is not an issue as they experience a metal-to-semiconductor transition
on hydrogen loading and their optical transmission changes substantially. In this case,
however, the maximum optical transmission might be a problem as it can exceed the
saturation level of the camera. To prevent the saturation a light filter should be used to
decrease the light intensity.

As most metal hydrides are highly oxidizing materials, all films are covered with thin
layer of Pd (10-20 nm) to protect them against oxidation. Additionally, this Pd layer
serves as a catalyst for the dissociation of the H2 molecule to atoms.
After deposition, fresh samples are either stored in a glove box to prevent from any
possible contamination or directly transferred to the Hydrogenography setup, where
the optical transmission is measured as a function of time, hydrogen pressure, or
temperature.

A Hydrogenography setup is represented schematically in Figure 220. The main
component is the (de)/hydrogenation gas cell, where the samples are placed. The whole
cell is located in an oven with a temperature controller. The maximum temperature that
cell components including transparent sapphire windows can withstand is limited to 573
K, which restricts the operation temperature range to 293 K - 573 K. The complete
thermal equilibration of the setup is verified by comparing the output of two PT-100
resistors placed at different locations in the oven, one of them being in contact with the
sample holder. A 150 W diffuse white light source (the projector) illuminates the sample
from the substrate side, and a 3-channel (RGB) SONY XC-003 Charged-Coupled Device
(CCD) camera continuously monitors the transmitted light as a function of hydrogen
pressure. To avoid any disturbance from a stray light entering the setup, a blanket is
used to cover the camera and vacuum cell. The 3-channel transmission intensities are
added together, resulting in a 1.1 to 3.3 eV photon energy bandwidth. The use of a
camera allows for the recording of the transmission for all compositions simultaneously.
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Figure 220. Schematic representation of the Hydrogenography setup.
Unlike the standard Sievert’s setup, where the pressure-composition-isotherms are
determined on a discrete or nearly static basis, i.e. point by point or aliquot by aliquot,
Hydrogenography operates in a dynamic mode, meaning that a certain constant flow
rate of a gas through the hydrogenation cell is maintained during the absorption and
desorption reactions. The gas pressure in the cell is controlled by the inlet and the outlet
electronic valves and a flow meter. The amount of gas entering the cell is regulated by a
forward Proportional-Integral-Differential (PID) system that controls the opening of the
input valve depending on the desired pressure and the reading of the actual pressure by
the Baratron pressure gauge. The type of the electronic valve allows a pressure ramp up
from vacuum to a maximum of 10 bar H2, which is the maximum pressure that a typical
single crystal sapphire windows of the gas cell with a UHV compatible metal-glass seal
can withstand.
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The output valve and the flow meter (Figure 220) control the pumping speed at the
output of the cell to have a constant gas flow of 30 sccm. The opening of the output
valve is regulated by the PC via a Delta 0-30 volt power supply. The flow meter,
connected in parallel to the valve is used to set the gas flow. When the pressure in the
cell is below 150 mbar, the pressure difference is insufficient to maintain a constant
flow of 30 sccm and the pumping rate is controlled by the electronic valve only. At
higher pressures the output valve is becomes essentially closed and the outlet flow from
the cell to the vacuum pump is controlled solely through the flow meter.

A selection of bottles with Ar+H2 mixtures and pure H2, connected to the inlet of the gas
cell in Figure 220 allows one to measure the hydrogenation behavior of the metal
hydride samples over a wide pressure range between 10-6 bar and 10 bar. For
desorption, a flow of an Ar+O2 mixture or air is used to enhance the dehydrogenation of
metal hydrides of metal hydrides with slow kinetic, such as Mg. Otherwise, unloading
experiments are performed in vacuum.

Before an equilibrium measurement can be done, the thin films need to be cycled.
Cycling is a common procedure for many metal hydride systems and consists of a few
relatively fast loading/unloading cycles. This is needed to i) stabilize the system behavior
298
by the release of stress and modification of the microstructure. It is also important, ii)
to optimize the signal to noise ratio of the light source and the camera with respect to
the thickness (50-120 nm) and type of the sample (with or without a metal-tosemiconductor transition). The amount of cycles necessary to achieve a reproducible
behavior strictly depends on the type of film, i.e. its interaction with the substrate and
the stability of the film. The number of cycles needed does not usually exceed 20
cycles.298 Optimization of the optical signal is needed to ensure that the optical
transmissions of a film in the metallic state is higher than the limit of detection and
lower than the saturation limit of the camera. If a too large optical change occurs, a gray
filter is used to prevent the saturation of the CCD camera signal.
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Desorption time [hours]

Absorption time [hours]
Figure 221. Transmission measurements (black line) of a 65 nm PdHx thin film
as a function of hydrogen pressure during absorption and desorption step
scans at 294 K after cycling. Each pressure step (blue line) is maintained one
hour to ensure relaxation of the film and equilibrium with the hydrogen
environment. The transmission T is normalized by the transmission in the asdeposited metallic state T0.
After the cycling procedure, the equilibrium properties can be measured. There are two
possible ways to record the pressure-transmission-isotherms, namely with a pressurestepping mode or by continuous pressure ramping. A stepwise mode of pressure change
is needed to check the kinetics of a hydride formation or desorption. This is done by
measuring the optical signal (ln(T/To)) as a function of time with each pressure step to
ensure that equilibrium is reached within the fixed dosing time (Figure 221). 299 If
equilibrium is not reached within the time limit of each separate step, the time to reach
can be extrapolated for the entire measurement and a new PTI can be recorded for the
second time with a more gradual increase or decrease of the hydrogen pressure. Thus
the step scan measurement is generally used to determine the time constant needed to
obtain a quasi-equilibrium measurement.
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2.2 Calorimetry
Calorimetry is the science of measuring the heat of chemical (e.g., reactions) and
physical transformations (e.g., mixing, melting, and vaporization, etc.). A calorimeter is
the analytical tool used to measure the heat effects associated with the chemical and/or
physical transformations. A calorimeter may be operated under constant volume (i.e., a
closed system) or constant pressure (i.e., an open system). There are various types of
calorimeters that are commercially available. Various types of calorimeters include
Adiabatic calorimeters, Reaction calorimeters, Bomb calorimeters, Calvet calorimeters,
Constant Pressure calorimeters, Differential Scanning calorimeters, and Isothermal
Titration calorimeters. All of which are measuring heats of physical or chemical
transformations under specified conditions (i.e., constant pressure or constant volume).
The goal is not to cover every type of calorimeter on the market, but rather to discuss
the general calorimetry concepts applied to constant volume and constant pressure.
2.2.1 Bomb Calorimetry: Measuring Heats of combustion

Constant volume calorimeters (often called bomb calorimeters) are typically used for
measuring heats of combustion. A bomb calorimeter consists of a sample cup, stainless
steel bomb (containing oxygen, sample, and ignition wires), heat transfer fluid (typically
water), thermocouple, and a dewar. The bomb calorimeter is approximated as being
adiabatic (i.e., no heat loss to the surroundings). The stainless steel bomb is immersed
into the heat transfer fluid. The idea is to capture the heat generated from the reaction
(or combustion) via the water bath. It should be noted that in the case of a slow
reaction if the water bath is not in an insulated vessel (i.e. a situation where there is
significant heat loss to the surroundings) the calorimeter can not be considered truly
adiabatic and this may lead to errors in the results of the measurement. In order to
accurately quantify the energy of combustion, the calorimeter requires calibration. Keep
in mind that the calibration will include the water bath, sample cup, and the stainless
steel bomb. There are two ways to calibrate the calorimeter, the first way is to
introduce electrical energy into the system and record the temperature rise as a
function of time and the second way is to perform a combustion experiment with a
known compound. A typical standard is benzoic acid. The standard enthalpy of
combustion of benzoic acid at 298.15°K is ΔHc0298.15 = -26.452 kJ/gram for the reaction
below with reactants and products in their standard states for this temperature:

Equation 221

C6H5CO2H(s) + 15/2O2(g) = 7CO2(g) + 3H20(l)

Page 454 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 4: Thermodynamic Measurements

The mean heat capacity for the entire calorimeter system

Equation 222

=
( CP )calorimeter

QV known
=
( ∆Trise )observed

calorimeter

is determined by:

( mBenzoic Acid ) ( ∆H c Benzoic Acid )
( ∆Trise )observed

Where QV is the known reaction heat generated for m grams of benzoic acid and ∆Trise is
the measure temperature change in the cell. In both cases the amount of energy
deposited within the calorimeter is known. The calibration that results is either a mean
heat capacity for the entire calorimeter system ( calorimeter) or correlated to an
equivalent amount of water (nwater with a known heat capacity of 75.327 J/molK).
Q

P

(V ⋅ I )electrical ⋅ t

⋅t

V known
electrical
=
=
Equation
223 nwater (=
J 
CP ) water ∆Trise observed 

 75.327
 ∆Trise observed  75.327



mol ⋅ K 



J 
 ∆Trise observed
mol ⋅ K 

where Pelectrical is the Power, t is the heating time, V is the applied voltage, and I is the
applied current.

2.2.2 Examples:

Good examples of calibrations and measurements using bomb calorimetry can be found
at: http://www.science.uwaterloo.ca/~cchieh/cact/c120/calorimetry.html
These examples illustrate the utility of bomb calorimetry for determining heats of
formation and heats of combustion.
It should be noted that the use of bomb calorimetry for such measurements often rely
on a number of underlying assumptions. The assumptions include:
•

Adiabatic operation

•

Ideal gas behavior

•

Energy released from ignition source (e.g. nickel fuse wire) is negligible

•

All reactions went to completion

•

Reactions proceed without significant temperature rise, thus correlating the heat
of combustion to standard conditions
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Bomb calorimetry is well suited for heats of combustion, but may not be suitable for
reactions occurring at elevated temperatures. In such cases a differential scanning
calorimeter (DSC) may be a better option. Details of the DSC measurement method can
be found in the Introduction section 5.7 . A DSC operates by employing a reference
(typically an empty crucible) that experiences identical processing conditions as that of
the sample side. In typical DSC applications the crucibles can be closed or open (Figure
222). For example, there are high pressure crucibles that can be operated with
pressures up to 500 bar. In addition, the DSC can be used to experimentally determine
heat capacities under constant volume or constant pressure conditions.

Figure 222. Diagram of a basic DSC instrument.

300

An alternative technique, which shares much in common with DSC, is differential
thermal analysis (DTA). In this technique it is the heat flow to the sample and reference
that remains the same rather than the temperature. When the sample and reference
are heated identically phase changes and other thermal processes cause a difference in
temperature between the sample and reference. Both DSC and DTA provide similar
information. Many modern commercial DTA are called heat flux DSC. A DTA curve can
be used only as a finger print for identification purposes rather than enthalpy of
reaction measurements. The usual application of this method are the determination of
phase diagrams, heat change measurements, and decomposition in various
atmospheres.
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It is important to realize that the intensity of the heat flow signal is proportional to the
temperature ramp (i.e. faster ramp rates, bigger peaks). Thus, the ramping rates may
have a significant impact on the accuracy of the determination of reaction heats from
the integration of the resulting peak data. For best practice, regular calibration and
calibration runs for different ramp rates, and different gas atmospheres are vital.
It is equally important to understand that making measurements using an inert carrier
gas, is equivalent to performing the reaction under a hydrogen partial pressure of
close to 0 bar, i.e. equivalent to high vacuum. This may, in fact, change the chemical
decomposition route or behavior as compared to how decomposition will occur in a real
application, under a few bar of hydrogen pressure.
How can we use a DSC to measure the heats of reaction where the reaction takes place
at an elevated temperature? In each of the examples above the reactions were simple
combustion reactions. In many cases the reactions are not so straight forward to
measure the heat effects. For example take the reaction of periclase (MgO) and quartz
(SiO2) to form forsterite (Mg2SiO4):
I: =
2 MgO(c) + SiO2 (c) Mg 2 SiO4 (=
c)
∆H I ? .

Forsterite is a compound of interest in the geological community, the reaction of
periclase and quartz to produce forsterite proceeds very slowly and cannot be measured
directly. The Bureau of Mines was able to quantify the heat of reaction for this reaction
by using Hess’ Law and solution calorimetry as follows:
II : SiO2 (c, 25 C ) + 6 HF ( soln, 73.7 C )= H 2 SiF6 ( soln, 73.7 C ) + 2 H 2O( soln, 73.7 C )
∆H II =
−148.16

kJ
mol

III : MgO(c, 25 C ) + 2 HF ( soln, 73.7 C ) = MgF2 ( soln, 73.7 C ) + H 2O( soln, 73.7 C )
∆H III =
−162.13

kJ
mol

IV : Mg 2 SiO4 (c, 25 C ) + 10 HF ( soln, 73.7 C ) = 2 MgF2 ( soln, 73.7 C ) + H 2 SiF6 ( soln, 73.7 C )
+ 4 H 2O( soln, 73.7 C )
∆H IV =
−399.07

kJ
mol
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Using Hess’ Law the heat of reaction for ∆H I can be computed as:
Equation 224

∆H I = 2∆H III + ∆H II − ∆H IV = −73.35

kJ
mol

Similar analysis may be pursued to evaluate the heat of reaction of hydrides with other
compounds to release hydrogen. One example being the evaluation of the
thermodynamic stability of the MgH2/Si system: 301

Equation 225

2MgH2 + Si → Mg2Si + 2H2.

The stability of the silicide (Mg2Si) was observed to destabilize the corresponding
hydrides. For Mg2Si, the standard enthalpy of formation is –77.8 kJ/mol. Therefore,
formation of Mg2Si should reduce the standard enthalpy of dehydrogenation of MgH2
from -75.3 kJ/mol for pure MgH2 to -36.4 kJ/mol for MgH2 + 1/2Si. Thus, destabilization
of the hydride increases the equilibrium pressure or, equivalently, reduces the
temperature necessary for a particular pressure such as 1 bar. While this system was
not shown to be reversible, thermodynamic data for the silicide enabled an estimation
of the equilibrium pressure of 1 bar hydrogen at ~20°C for this system.
In other cases, there may be difficulties that either complicate obtaining heats of
reactions or prevent the isolation of the heat of reaction. When the product set is illdefined, this complicates matters further. This is where creativity comes to bear in
devising a scheme to deconvolute the ancillary heat effects from the sought after heat
effect (e.g., heat of reaction). As an example consider the overall thermal decomposition
of ammonia borane
∆H r
NH 3 BH 3 ( s ) 
→ 2 H 2 ( g ) + ∑ ( Pi + Pj )


Equation 226

The product sets Pi and Pj are the result of the stepwise decomposition occurring at
different temperatures. Unfortunately, the product sets are ill-defined and the
quantification of the product sets is currently unknown. The thermodynamic cycle for
the stepwise decomposition of ammonia borane can be generalized in the following
diagram.
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∆HVI
H 2 ( g ) + ∑ Pi 
→ H 2 + ∑ Pj


T2

T2

∆HV =
∫ ∑ (C p,i ) dT
T1

T1

∆H IV
fusion
NH 3 BH 3 ( s) →
NH 3 BH 3 (l ) 
→ H 2 ( g ) + ∑ Pi
∆H

298

∆HVII =
∫ ∑ (C p,i ) dT
T2

298

∆HVIII =
∫ ∑ (C p,i ) dT
T1

T1

∆H III =
∫ ∑ (C p,i ) dT
298

T = 298K

∆H I
∆H II
NH 3 BH 3 ( s) 
→ H 2 ( g ) + ∑ Pi 
→ H 2 + ∑ Pj


∆H r = ∆H I + ∆H II = ( ∆H III + ∆H fusion + ∆H IV + ∆HVIII )



∆H I

+ ( ∆HV − ∆HVIII + ∆HVI + ∆HVII )∆H 

II

Figure 223. Diagram detailing the major chemical and physical transformations of the
decomposition of ammonia borane.

This is a rudimentary diagram showing the major chemical and physical transformations
of the decomposition of ammonia borane. What is not shown are the side reactions
producing ammonia, borazine, and diborane. Complicating matters further is the fact
that upon melting, ammonia borane immediately decomposes (exothermically) to
release one equivalent of hydrogen. The energy liberated causes a temperature rise of
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the contents, thus promoting the second equivalent of hydrogen. Consequently, the
chemical and physical transformations tend to overlap causing difficulties in
deconvoluting the heat effects. One additional complication deserving attention is the
non-stoichiometric release of hydrogen above two. In other words, the decomposition
of ammonia borane is complicated and therefore non-trivial to obtain the heat effects
experimentally without gross simplification.

2.2.3 Combined Calorimetry and Gas Sorption measurements

Combined calorimetry and volumetric gas sorption measurements have been performed
on hydrides over the years and have important advantages over the use of only one or
the other technique. 302 The following example shows how simultaneous calorimetry
and gas sorption provide a direct measurement of the formation enthalpy in a single
one hour sorption cycle versus the many hours, days, weeks or even months that may
be required through equilibrium PCT measurements.

One way to obtain the energetics of H2 binding is to directly measure the heat released
during hydrogen absorption, however it is essential to quantify the exact uptake of
hydrogen absorbed or desorbed to correctly determine the enthalpy of reaction. More
typically, the energetics of hydrogen absorption and desorption are obtained by
applying the van ‘t Hoff relationship between equilibrium hydrogen pressures and
temperature. While very accurate, this can be a time-consuming process. An elegant
solution is to determine thermodynamic properties directly through a combination of
303
simultaneous gas sorption analysis and calorimetry measurements.

By coupling a calorimeter to a Sievert’s gas sorption analyzer one can measure directly
the heat (enthalpy) of formation of a metal hydride and its hydrogen sorption properties
simultaneously (Figure 224). The two instruments are ideally suited for the study of
hydrogen storage materials allowing one to probe simultaneously the hydrogen sorption
capacity, kinetics, and energetics of materials over a very wide range of temperature
and pressure (from RT to 300 °C and vacuum to 200 bar).
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Figure 224. PCTPro-2000 Sievert’s apparatus coupled with a C80 calorimeter
permitting simultaneous measurements of gas adsorption/desorption and
heats of sorption.303
To use the instruments in a combined way requires only a stainless steel extension gas
line to attach the calorimeter’s sample vessel to the sample port of the volumetric gas
sorption instrument. Before materials testing, the dead gas volume of the sample vessel
(~6 ml) was determined by an automated helium gas dosing routine. Then, with the
calorimeter held at 40°C, the combined instruments were tested by providing a dose of
hydrogen at 11.2 bar into the empty sample vessel. The purpose of this test was to
measure the background effect due purely to heating the gas as it is dosed into the
sample vessel. The measurement showed that the background gas heating effect from
this quantity of gas would not significantly impact the direct measurement of the
enthalpy of hydride formation (0.5% of the expected ~30 kJ/mol H2 for the LaNi5H6
formation). This is important as the heating of the gas that is absorbed by the sample
may have a significant effect on the results. A simple solution to reduce this error is to
preheat the gas to the temperature of the sample before it enters the calorimeter.
As an example of the combined measurements, an intermetallic compound LaNi5 was
chosen as a model hydrogen storage material to be tested due to its widespread use as
a reference material in the field of hydrogen storage. 304 LaNi5 forms a stoichiometric
hydride LaNi5H6. A coarsely ground sample of LaNi5 (4.377 gm) was loaded into the
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calorimetry sealed gas vessel under air. A non-absorbing stainless steel rod of equal gas
displacement volume as the LaNi5 sample was placed in an identical sample holder in
the reference cell. The sample vessel was purged of air, evacuated and heated to 40 °C.
This was followed by an automated activation cycling procedure involving 30 cycles of
sequential H2 absorptions and desorptions (Figure 225).

Figure 225. Cycling kinetics data showing activation of LaNi5. Note lower initial
capacity of the sample.303
The gas sorption cycling measurements showed reasonable absorption and desorption
kinetics, as expected, but very low capacity. The first two cycles appeared to have a
normal activation behavior, however, the sample was only partially hydrided. Further
cycling did not increase the hydrogen content of the sample, and was steady but
incomplete even after more than 30 cycles. The final reversible capacity was 0.23 wt. %,
which is only 1/6 of the normal hydrogen storage capacity. This particular measurement
stresses the important need for simultaneous gas sorption measurements combined
with calorimetry. This is necessary to quantitatively determine the extent to which
reactions reach completion and thereby accurately determine the enthalpy of reaction.
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Figure 226. Calorimetric curves showing exothermic and endothermic peaks for
hydrogen absorption and desorption cycles.303
The energy (enthalpy) of hydride formation was evaluated from in situ heat flow data
from the calorimeter (Figure 226) during one of the absorption/desorption cycles (No.
20, Figure 225) performed by the volumetric gas dosing instrument. The individual
absorption and desorption total heat released and taken up was calculated by
integration of the corresponding exotherm and endotherm. These values were then
divided by the total number of moles of absorbed and desorbed hydrogen measured by
the volumetric gas sorption instrument to provide the true heat of hydride formation.
Based on the number of moles of hydrogen absorbed (4.88×10-3 moles) the formation
enthalpy was determined to be 29.2 kJ/mol H2 for this sample of LaNi5H6. This is
consistent with known literature values. The average value from eight separate
publications is 29.8 kJ/mol H2, with values ranging from 28.5 to 30.8 kJ/mol H2.288 Had
only a calorimetric measurement been performed the assumption that the sample
completely hydrided to the full 1.4 wt.% (all LaNi5H6) would have given a value for the
enthalpy of formation that would be in error by a factor of 6 (i.e. 4.8 kJ/mol H2).

Page 463 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 4: Thermodynamic Measurements

Visual inspection of the sample used in these experiments, when removed from the
sample holder after 30 cycles, showed that a large portion of the original intermetallic
particles were still present mixed with a smaller portion of the fine gray metal-hydride
powder confirming that the starting material sample did not fully react with hydrogen
(Figure 227). Sieving and weighing of the fine powder (hydride sample) gave a mass
percent conversion of only 1/6th supporting the gas sorption measurement results. This
phenomenon is most likely due to passivation of the surface by a thin oxide layer that
prevents hydrogen dissociation and penetration into the metal to form a hydride. This
example is not the exception, but rather points out the critical fact that gas-solid
reactions of any kind cannot be assumed to proceed to completion except under ideal
conditions.

Figure 227. After 32 cycles LaNi5 sample still contains 5/6 of a course unreacted material. 303
The advantage of such simultaneous measurements is that they can provide a direct
measurement of the formation enthalpy in a single short sorption cycle versus the many
hours, days, weeks or even months that may be required through equilibrium PCT
measurements. In addition, this integrated setup provided multiple property
measurements (gas uptake capacity, kinetics and thermodynamics) in a single
measurement on one sample. Ordinarily, these would be multiple measurements on
more than one sample on several instruments with all the inherent questions about
consistency of materials, conditions and reproducibility.
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2.3 Calorimetry vs. Van ‘t Hoff Measurements
Calorimetry and van ‘t Hoff measurements can often give slightly different results for
reversible hydrides. One of the main contributions to this effect is that calorimetry
measures the total heat produced or consumed in going from an unhydrided to fully
hydrided state (or vise versa) including the uptake of hydrogen as a solid solution in the
host metal prior to and after forming the hydride. On-the-other-hand, the van ‘t Hoff
method is typically only performed on the two phase plateau region and, thus,
measures only the enthalpy of hydride formation (Figure 228).

Figure 228. Isotherms and enthalpies corresponding to the formation (∆Hβ→γ),
decomposition (∆Hγ→β) of the nonstoichiometric γ-trihydride, and ZrNiH3-γ from
the monohydride.
This was explained in detail in section 1.2.3 . To summarize: for an idealized reversible
system, the enthalpy of transformation, from the hydrogen-metal solid solution (αphase) to the hydride (β-phase), is given by the van ‘t Hoff relationship (and from
Equation 159.
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Equation 162). The contribution of the heat of hydrogen solution (partial molar enthalpy
of solution of hydrogen in the metal/compound and hydride) is not taken into account
in this calculation and must be evaluated to obtain a reasonable estimation of the actual
total heat of hydride formation. This is particularly true with respect to determining the
heat evolved or consumed in actual hydrogen storage applications.
An example of this is shown in Figure 229, in which calorimetry measurements (bottom)
are carried out for individual doses of gas while simultaneously measuring a PCT
isotherm (top) for the ZrNi-ternary hydride system. 305 Enthalpy of hydride formation is
constant and identical for absorption and desorption only in the two-phase hydride
formation region corresponding to the flat plateau portion of the PCT plots.

Hydrogen Concentration [H/M]
Figure 229. Isotherms and enthalpies corresponding to the formation (∆Hβ→γ),
decomposition (∆Hγ→β) of the nonstoichiometric γ trihydride, and ZrNiH3-γ from
the monohydride.305
Ultimately, on a per mole H2 basis, the thermodynamic data collected by both van ‘t
Hoff and calorimetry in the two-phase region of hydride formation should be identical.
This was discussed in some detail by Flanagan and coauthors with respect to hysteresis
in metal hydrides.184,306
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2.4 Heat Capacity Measurement
2.4.1 Continuous Heat Capacity Measurements
Determining heat capacity with a continuous mode calorimeter is simple and fast. Most
calorimeters with a programmed temperature ramp (including DSC) are suitable for this
type of measurement. In this method, the heat is added continuously, the temperature
of the sample increases linearly and the slope of a temperature versus time plot is
related to the specific heat. In an alternate method, the pulse method, heat is applied
for a fixed time, and then (after waiting for thermal equilibrium) the temperature
increase in the sample is measured. With continuous heating it is important to raise the
temperature slowly so there is time for the sample to come to a uniform temperature.
There are two possibilities for the continuous C p method:
Continuous C p without reference
Continuous C p with reference
C p is calculated at each point (no filter is applied), obtaining Nt points of C p (Ti ) , where

Nt is the number of acquisition points.
2.4.2 Continuous Heat Capacity Measurements without Reference

Precision determination of the C p without reference requires two tests under the same
experimental conditions:
The first test is carried out with two empty vessels without the sample (blank),
The second test is carried out with the vessels and the sample.
The difference between the two signals is proportional to the specific heat of the
sample. This magnitude is converted directly into heat flow by the calibration curve of
the DSC. This method supplies the determination directly for each temperature and
does not use a reference sample (such as sapphire).

At each temperature Ti, the C p of the sample satisfies the equation:

Equation 227

mC p

dTi
= Qi ,
dt
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where Qi is the heat flow consumed or released by the cell at point ni. Hence:
C p (Ti ) =

Equation 228

Qsample (Ti ) − Qblank (Ti )
dT (Ti )
Masssample ×
dt

The heat flow (Q) of the sample and blank are obtained during the acquisition. The mass
dT (t i )
is entered manually. For each point, it is necessary to calculate the heating rate
dt
by calculating the derivative of the temperature. From CPref (Ti ) calculated, it is possible
to obtain the curves CPref (T ) and CPref (t ) .
2.4.3 Continuous Heat Capacity Measurements with Reference

The precise determination of C p with reference requires three tests performed under
the same experimental conditions:
The first test is carried out with two empty vessels without the sample (blank),
The second test is carried out with vessels and the reference sample,
The third test is carried out with vessels and the sample.
This time the signals delivered by the calorimeter are expressed in V. At each
temperature Ti, the C p of the sample is given by the formula:

Equation 229

C p (Ti )
=

Qsample (Ti ) − Qblank (Ti )
Qref (Ti ) − Qblank (Ti )

⋅

Mass ref
Mass sample

⋅ C p , ref (Ti )

Where Qsample and Qblank are the measured heat flow of the sample and blank
respectively. The calorimetric signals of the sample, the reference and the blank are
obtained during the acquisition. For each point, it is necessary to calculate the C p of the
reference from the coefficients of the function CPref (T ) . This enables an array of the

CPref (T ) containing the Nt values CPref (T ) to be generated.
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2.4.4 Heat Capacity Measurements by the Step Method
A method often used to obtain heat capacity by DSC is the continuous heating method.
This mode permits evaluating the difference between two successive tests, with and
without a sample. Determination of heat capacity can also be obtained by a second
method. Between two temperature isotherms, the thermal effect corresponding to the
sample being heated is integrated. This method allows the sample to reach thermal
equilibrium after a temperature step; this gives the method greater precision.
Two methods can be used for the stepped C p method:
C p by Step without reference
Cp

by Step with reference

The C p is no longer calculated point by point but using increments of temperature.
Before the acquisition, the initial and final temperatures are entered, as well as the
intermediate steps (temperature and duration of steps) and the heating rates between
each step. The steps are indexed j, the temperatureis constant and equal to Tj on each
step. We therefore obtain a mean C p on different parts of temperature [Tj ; Tj+1].
Equation 230

Q=

dH
dt

where Q is the power dissipated or consumed by the work cell.
∆H = mC p ∆T
But :
So between the temperatures Tj and Tj+1 :
ti +1

Equation 231

C p _ mean

∫
=
m(T
ti

Qdt

j +1

− Tj )

The integration is done using the trapezoidal method. ΔH corresponds to the area under
the curve of the heat flow signal.
The determination of the integration limits tj and tj+1 for each step is calculated as
follows: Dj being the length of the step, tj equals 80% of Dj. It means that if Dj equals 100
s and Dj+1 equals 200 s, the integration will start 80 s after the beginning of the step Dj
and will stop after 160 s of the step Dj+1. Thus, the entire signal (with the exception of
the two extremities) is integrated and a maximum time is left to allow the signal to
stabilize after the change of temperature.
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2.4.5 Heat Capacity Measurements by the Step Method without
Reference

Precise determination of the C p by step without reference requires two tests to be
performed under the same experimental conditions:
A first test with empty vessels without the sample (blank),
A second test with vessels and the sample.
The difference between the two signals is proportional to the sample's heat capacity.
This magnitude is converted directly into heat flow by the calibration curve of the DSC.
This method permits direct determination for any temperature and does not use a
reference sample (such as sapphire).
C p is given for each temperature interval by the formula:
ti +1

Equation 232

Cpmean (

T j +1 + T j
2

∫Q

sample

)=

ti

·dt −

ti +1

∫Q

blank

·dt

ti

Masssample ⋅ (T j +1 − T j )

The calorimetric signals of the sample and the blank are obtained during the acquisition.
For each point, it is necessary to calculate the temperature variation between two
consecutive steps.

2.4.6 Heat Capacity Measurements by the Step Method with Reference

The precise determination of the C p by step with reference requires three tests to be
performed under the same experimental conditions:
The first test is carried out with two empty vessels without the sample (blank),
The second test is carried out with vessels and the reference sample,
The third test is carried out with vessels and the sample.
The reference sample is a substance with a known C p equation.
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C p is given for each temperature interval by the formula :

Equation 233
ti +1

T j + T j +1
Cpmean=
(
)
2

∫Q

sample

·dt −

ti +1

∫Q

blank

ti
ti +1

ti +1

ti

ti

∫ Qref ·dt −

·dt

ti

∫ Qblank ·dt

×

Massref
Masssample

⋅

Cpref (T j +1 ) − Cpref (T j )
2

The calorimetric signals of the sample, the reference and the blank are obtained during
the acquisition. For each point, it is necessary to calculate the C p of the reference based
on the coefficients of the function CPref (T ) entered for the two temperatures Tj and
Tj+1.

2.5 Thermal Gravimetry (TG) or Thermal Gravimetric Analysis
(TGA)
Thermal gravimetry is a technique used to monitor the mass change as a function of
precisely controlled temperature and environment (e.g., inert or reactive gas flows). The
temperature program (or thermal treatment) includes both non-isothermal mass
changes under prescribed heating rates and isothermal mass changes occurring as a
function of time. Mass changes occur when volatile compounds are removed from the
sample. Volatile compounds are generated via vapor pressure and reactions in solid
phase producing gas phase products. There are also solid-solid reactions that can take
place where no mass loss is observed. These changes can be observed by using
differential thermal analysis (DTA) or differential scanning calorimetry (DSC).
Thermal gravimetric measurements are typically used for kinetic analyses of chemical
reaction.

Page 471 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 4: Thermodynamic Measurements

2.6 Temperature Programmed Desorption (TPD)
Temperature-Programmed Desorption (TPD) refers to a wide range of experimental
methods that rely on temperature variation and generally include mass spectroscopy to
investigate and quantify desorption reactions. The technique can be used for both
reversible and irreversible processes, with the latter referred to as TemperatureProgrammed Reaction Spectroscopy (TPRS). Details of the TPD measurement method
can be found in the Introduction section 5.6 of this document.
The TPD experimental method was traditionally done to investigate adsorption
processes (e.g. in heterogeneous catalysis). Hence, it has most often been used for
physisorption of H2 on porous materials. When done correctly the method can be used
to determine the quantity of hydrogen desorbed following the application of a thermal
ramp, and can provide useful thermodynamic information of hydrogen sorption on
porous materials, as well as on-board and off-board rechargeable hydrides. However,
quantitative analysis requires very accurate calibration of the mass spectrometer
against known flow rates. It is also important to understand that TPD or any dynamic
type measurement of measurement gives results that are a convolution of both
thermodynamic and kinetic properties of the hydrogen storage material. This may lead
to miss-interpretation of the results.
One example of the use of TPD to provide some insight into the nature of physisorption
of hydrogen on a Ni-MOF material (NaNi3(OH)(SIP)2 [SIP=5-sulfoisophthalate]) is the
recent study by Forster et al. 307 In this case, TPD experiments were carried out in a
fixed-bed tubular reaction system equipped with a specially designed heater for control
of the Ni-MOF sample temperature between 77 and 373 K and a thermal conductivity
detector.308 The experiments involved; first hydrogen adsorption at 80 K, followed by
flushing the sample with nitrogen at the same temperature. Once the baseline of the
integrator was stable, the TPD run was started with flowing nitrogen as a carrier gas at a
heating rate of 5 K/min from 80 to 250 K.
Several observations strongly support the existence of accessible, coordinatively
unsaturated Ni(II) sites within the pore system for this Ni-MOF compound following full
dehydration.307 First, there are four sites where water coordinates to NiO6 octahedra
per three crystallographically unique Ni(II) atoms. TPD measurements (Figure 230)
showing that desorption of hydrogen occurs at temperatures between 140 and 160 K
gave support to the presence of unsaturated metal binding sites for hydrogen in this
material. The peak in the TPD curve exhibits pronounced structure, which persisted
when the measurement was repeated at various ramping rates. This observation
suggests that multiple, strong metal binding sites are responsible for the observed
hydrogen retention. Moreover, virtually no TPD peaks are seen in samples that were
dehydrated at temperatures less than 573 K, despite the fact that these samples also
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have high measured surface areas. The most likely explanation for this observation is
that the material becomes porous before the water molecules coordinating to active
Ni(II) sites are removed, and that the coordinatively unsaturated Ni(II) sites then
become accessible in the pore system once these water molecules are removed at
higher dehydration temperatures.307

Figure 230. Low-temperature H2-TPD profiles of Ni-MOF material depending on
dehydration temperatures. Ramping rate: 5 K/min.307
TPD works well as a complementary tool to support the heats of adsorption measured
by other methods.
NOTE: For all Temperature Programmed (ramping) methods in which heat is not
measured, it is important that caution be exercised in ascribing different temperatures
of hydrogen release between samples directly to changes in hydrogen binding energies.
Data from such methods generally represent a convolution of thermodynamic and
kinetic effects. Differences in kinetics of hydrogen release or uptake between samples
will be observed as hydrogen or release at different temperatures. One simple way to
help distinguish kinetic effects from thermodynamic properties is to run the same
sample at different temperature ramping rates to see if there is significant change in
hydrogen release or uptake temperatures. A significant change in temperatures would
indicate that kinetics has a strong impact on the results. It is always advisable to double
check thermodynamic properties using other additional methods such as van ‘t Hoff or
calorimetry techniques.
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3 Matching Experimental Setup to Measurement Goal
The three classes of measurements, system performance, materials development, and
fundamental mechanisms, require slight variation in the approach to measurements.

Typically, system performance measurements will be focused on a scaled-up
measurement that is large enough to accurately represent the behavior of the storage
material at a full application level. Generally speaking this would be 100 gm to 1 kg of
material. Such measurements will most likely concentrate on heat transfer during
hydrogen uptake and release, local temperatures within the material test bed and rates
of hydrogen sorption and desorption rather than measurements of the intrinsic
thermodynamics of the material. However, the thermodynamic properties of the
storage material is fundamental to performance at a scaled-up level, so it is important
that the thermodynamic characteristics of the material are well determined before
system performance measurements are undertaken.

Thermodynamics measurements from a materials discovery and development
perspective will require careful measurements to ensure thermodynamic equilibrium
and essentially identical measurement conditions to be able to accurately compare one
material from another. An example being the subtle differences in isosteric heats of
309
adsorption for different MOF materials.
In fact, in the field of metal hydride
development for both gaseous hydrogen storage and nickel-metal-hydride batteries
more than three decades of research have focused on the ability to make significant
changes in thermodynamics (plateau pressures) of intermetallic hydrides AB5, AB2 etc.
through small elemental substitutions for A or B elements. An early example of the
dramatic effect on plateau pressures obtained through elemental substitution is given in
Figure 231 below for the introduction of the elements M=Pd, Ag, Cu, Co, Fe, Cr, and Pt in
place of nickel the intermetallic compound LaNi5 (LaNi4M). 310
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Figure 231. Hydrogen desorption PCT measurements at 40°C for the
substitution of Ni in LaNi5 by the elements M=Pd, Ag, Cu, Co, Fe, Cr: LaNi4M
and Pt (5%).310

Studies of fundamental mechanisms of thermodynamics will require even more
precision and care in measurements (highly uniform isothermal conditions and certainty
of equilibrium) because changes in enthalpy and entropy of sorption may be very subtle.
An example is the difficulty in confirming changes in both enthalpy and entropy of
hydride formation at the nano-scale versus bulk material 311 and effects on
323
thermodynamics of clamped versus free thin-film material. ,324
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3.1 Experiments for Systems Performance
3.1.1 On-board Reversible Hydride Storage Systems

The determination of the enthalpy of hydride formation ∆H)
( is critical for the optimal
performance of scaled up applications.
Enthalpy determines:
energy consumption to release hydrogen, heat load during refill, the size of the heat
transfer system, and for many systems, the temperature of hydrogen release may be
above a fuel cell stack temperature.
Such were the findings of a collaborative project between General Motors and Sandia
National Laboratories on scaled up testing of an alanate hydrogen storage system.
Figure 232 shows the strong influence of ∆H (dH) on the ultimate efficiency of such a
312
hydrogen storage system.

Figure 232. Sensitivity plots for gravimetric and volumetric energy density. 313
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There are many considerations to be taken into account when making thermodynamic
measurement with the purpose of gaining materials performance information at a
systems level. For example, under scaled-up materials measurements (representing
system level performance) hydrogen storage materials are rarely operated under
equilibrium conditions. The interplay between kinetics and thermodynamics therefore
becomes even more important. For hydrides, large quantities of material (>10 grams)
will produce (or consume on desorption) enough heat that a simple test cell may
increase (or decrease) significantly in temperature. Therefore, isothermal conditions,
typically used for van ‘t Hoff measurements, will not be maintained. This is important
because it may be difficult to distinguish between pressure changes are related to the
kinetics of approaching equilibrium or changes in the temperature (and thus equilibrium
pressure) of the material. Also, large temperature changes, makes it very difficult to
determine the final state of the material when equilibrium is eventually achieved. That
is whether the final state is on the absorption or desorption isotherm or somewhere inbetween.
An example of scale up measurements presented in an earlier section of this document
demonstrates such a thermal excursion. In studies performed by Gary Sandrock on Tidoped alanates, hydrogen absorption/desorption experiments were performed on a
simple high-pressure cylindrical vessel shown in Figure 233.120 The stainless steel
reactor was loaded with about 100 g of bicatalyzed NaAlH4 (78 g of NaAlH4 and 22 g of
Ti(OBun)4 + Zr(OPr)4). The reactor had internal thermocouples but no internal heat
exchange structure. Absorption kinetics and capacity were measured volumetrically.

Figure 233. Scale up (100 g) reactor with end cap removed in Ar-glovebox to
show catalyzed alanate.121
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The higher than expected initial charging kinetics, combined with limited heat transfer,
resulted in exothermic temperature excursions, as is common with hydrides. An
example is shown in Figure 234 for the 4th hydrogen absorption. The fully dehydrided
bed was heated to 155
˚C and then charged with hydrogen at 172 bar. Within one
minute, the exothermic hydriding reaction resulted in an internal temperature of 234 ˚C.

Figure 234. Exothermic temperature excursion during scale up bed charge half121
cycle (Pi=174 bar, Ti=155˚C).
This is essentially the van ‘t Hoff temperature for NaAlH4 at this applied pressure.
However, the melting point of NaAlH4 is only 182
˚C; thus, any NaAlH4 form ed during
the first 0.5 hr of Figure 234 would do so directly into the liquid phase. As one can see in
the figure, a thermal arrest occurs at 182˚C due to solidification during cooling (about t =
0.6-0.8 hr). In the case of a scaled up system where sorption kinetics are much faster
than heat transfer, an interesting possibility would be to perform such a thermal
excursion measuring the pressure and temperature changes in time. If the system is
truly in chemical equilibrium as the bed slowly cools, then plot of Ln(P) vs. 1/T at each
time should produce the equilibrium van ‘t Hoff plot from which the enthalpy and
entropy of hydriding could be determined. This approach (on a large scale) is similar to
the “Direct van ‘t Hoff” method described in section 2.1.2.9 below. Note however, to
stay within a relatively narrow hydrogen concentration range, the volume of gas in the
system should be small with respect to the amount of material.
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3.1.2 Off-board Regenerable Hydrides Storage Systems

Chemical hydrogen storage involves storing hydrogen in molecular chemical bonds
where an on-board chemical reaction is used to release hydrogen. Currently, the
resulting spent fuel may be regenerated off-board using chemical processing. In addition
to the importance of on-board storage capacity and hydrogen release rates, the energy
efficiency of the off-board regeneration of spent fuel is a key contributor to the overall
energy efficiency of the fuel cycle.

With respect to on-board hydrogen delivery, critical materials properties governing the
behavior of these materials are the (generally exothermic) heat of decomposition, the
heat capacity and thermal conductivity of the materials. Also important is the pathway
and activation energies associated with the kinetics of hydrogen release. Thus, one key
to the success of off-board regenerable hydrides for vehicular hydrogen storage is the
need to increase the rate and decrease the temperature of hydrogen release. For
example, using ionic liquid/AB mixtures, very high rates of hydrogen release have been
determined at temperatures between 100 and 120°C, where 8 wt.% hydrogen is
released within two minutes at 120°C. 314

As another example, using catalysts, release of hydrogen from AB may be accelerated.
The University of Washington has demonstrated release of 5.8 wt.% hydrogen in three
minutes at 25°C. Using heterogeneous catalysts Los Alamos National Laboratories
researchers have demonstrated hydrogen release of 8 wt.% in 120 minutes at 70°C, or in
8 minutes at 110°C.314

By synthesizing metal-substituted derivatives of ammonia borane, a wide array of new
metal amidoborane (M-AB) storage materials have been discovered and characterized
by researchers at the Pacific Northwest National Laboratory (PNNL), LANL, and the
University of Missouri. As one example, PNNL has shown that Li-AB releases 5 wt.%
hydrogen in 2 minutes at 100°C. Li-AB also has a very high activation energy, a feature
with positive implications for adequate storage lifetimes at 50-60°C.314

An overview of results from the US DOE Chemical Hydrogen Storage Center of
Excellence (CHSCoE) is shown in Figure 235.
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Figure 235. Synopsis of results for the release of hydrogen from a variety of
materials as a function of temperature. 314

3.1.3 Physisorption Storage Systems
The greatest challenge for physisorptive materials to be used for hydrogen storage is to
95
increase the strength of the H2 binding interaction. Recently, Bhatia and Myers
addressed this issue by employing the Langmuir equation to derive relationships
between the operating pressures of a storage tank and the enthalpy of adsorption
required for storage near room temperature.149 Using P1 and P2 as the lower and upper
bounds of the operating pressure and approximating the H2 adsorption entropy as
∆S°ads ≈ -8R (R=ideal gas constant), they derived Equation 234. They then used this
equation to show that a microporous material operating between 1.5 and 30 bar at 298
K should have an average optimal adsorption enthalpy as ∆H°opt of 15.1 kJmol-1. Similarly,
if P2 is increased to 100 bar, the required average adsorption enthalpy decreases to 13.6
kJmol-1.
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Equation 234
In the same work, Bhatia and Myers derived Equation 235 which can be used to
calculate the optimal operating temperature Topt of a hydrogen storage material for a
given average enthalpy of adsorption ∆H°ads. This relationship can be used to show that
a microporous material with ∆H°opt of 6 kJmol-1, which is a typical value for current
metal–organic frameworks and other microporous solids, can operate between 1.5 and
100 bar at an optimal temperature of 131 K.

Equation 235

3.2 Experiments for Materials Development
3.2.1 On-board Reversible Hydride Storage Materials

The typical approach in hydrogen storage research to identify promising new materials
based on high hydrogen capacity and then work to improve their kinetic and
thermodynamic properties. For this reason, considerations for making accurate
thermodynamic measurements are extremely important in experiments for materials
development.
Work on modifying thermodynamic properties of classic intermetallic hydrides dates
back several decades. In electrochemical application (Nickel Metal Hydride batteries)
much of the work focused on improving the cyclability of the MH electrode against
corrosion in the KOH electrolyte while maintaining hydriding plateaus below one
atmosphere (to avoid hydrogen gas evolution on battery charging). In the field of metal
hydrides for hydrogen gas storage, the focus was (and remains) the development of
hydrogen storage materials with higher capacities and room temperature desorption
above one atmosphere to release stored hydrogen without the need to introduce hightemperature heat. Figure 236 shows early measurements on the effect on plateau
pressures of small modifications in the stoichiometry of LaNi5.310
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Figure 236. Hydrogen desorption PCT measurements at 40°C for the changes in
the nickel content of LaNi5. Alloys were annealed at 1400°C for approximately
one week before testing.310

Figure 237. Hydrogen desorption plateau pressures at 40°C plotted as a
function of nickel content in LaNiX.310
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Figure 237 plots the mid-plateau pressures of the same set of data as a function of
nickel content.310 The figure demonstrates that the alloy maintains a single phase LaNiX
in the wide range of stoichiometry 4.9 < x < 5.4. Increasing plateau pressures relate
directly to the thermodynamics of hydride formation (i.e. a decrease in the enthalpy of
reaction with increasing nickel content).
Intermetallic hydrides have always been attractive because of the simple ability to
change thermodynamic properties (and kinetics) through elemental substitution (and
the addition of catalytic additives). Unfortunately, while the intermetallic hydrides have
high H/M ratios, they typically have low weight % hydrogen content because of being
generally composed of high-Z elements. In this respect, much of the materials research
for gaseous hydrogen storage has shifted over the last decade to low-Z hydrides. These
are typically not alloys or intermetallic compounds, but rather reversible chemical
hydrides and as such, generally much less amenable to property changes through
elemental substitution. This has required new approaches to changing thermodynamic
stabilities of such hydrides.
One approach has been to add second phase elements or compounds which destabilize
the overall hydrided state or stabilize the overall dehydride state, reducing the overall
233
enthalpy of reaction. Some examples of this are adding Ti to MgH2 or mixing MgH2
with LiBH4. 315 This route has been effective in changing the thermodynamics of
hydrogen storage material systems, but has introduced other challenges. Namely, multiphase decomposition/recombination hydride materials often require the transport
(diffusion or otherwise) of elements other than just hydrogen. While it is amazing that
relatively rapid metal transport can occur at near room temperature conditions, the
difference between host element transport in these systems and hydrogen mobility in
intermetallic hydrides is significant. The impact on hydriding kinetics means that these
systems must be operated at much higher temperatures, or novel approaches to
improved kinetics must be developed.
With respect to accurate thermodynamic measurements on these new multi-phase
hydride systems, one of the biggest difficulties is to separate kinetic effects from true
thermodynamic properties. This is complicated when studying materials with slow
kinetics (like alanates and borohydrides), where some amount of catalyst is often
required to achieve equilibrium in a reasonable time period. The catalyst or additive
itself may have an important effect on the thermodynamic stability of the hydrogen
storage system.316 Another approach is to measure samples at extreme temperatures
and pressures and extrapolate the results to gain insights into performance under the
desired system conditions. While the measurement conditions may be far from those
required for practical applications, it is useful in identifying materials with attractive
thermodynamic properties and to evaluate catalysts and other approaches to improve
kinetics.
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Vajo et. al. required both high temperatures and catalytic additives to determine the
effect of ball milling MgH2 with LiBH4. They included 2-3 mol % TiCl3 to improve the
kinetics, but were still limited to temperatures above 315 oC. However, by taking
multiple data points at high temperature and pressure, they were able to construct the
van ‘t Hoff plot shown in Figure 238, which predicts thermodynamic performance across
the entire range of interesting pressures and temperatures.315 This type of extrapolation
is often necessary in determining thermodynamic properties of materials with initially
poor kinetics.

Figure 238. A van ‘t Hoff plot showing the expected equilibrium pressures for
the dehydrogenation of LiBH4 in both its orthorhombic and molten states (-o
and -l suffix used to identify the respective state), MgH2 and the destabilized
system LiBH4-MgH2 with a 2:1 molar ratio. The experimental data reported by
Vajo et al. (2005) are also plotted with a line of best fit for comparison. 317
It is also important to note the method of preparation of samples, for example, catalysts
or destabilizing elements are often added to storage materials through ball-milling.
However, ball-milling is also a useful technique for reducing particle size and increasing
strain in the material. As discussed in Section 4.1 , these physical effects can also impact
the kinetic performance of a material and potentially also the thermodynamics. It is
important to perform experiments in a way that the improvements from the different
effects can be separated. For example, thin films deposited by sputtering can be
effectively doped with a catalyst during deposition and then annealed to remove
inhomogeneities in composition and grain structure.
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3.2.2 Off-board Regenerable Hydride Storage Materials

Off-board regenerable hydrogen storage materials development has been aimed at
modifying thermodynamics and improving control over the kinetics of exothermic
reactions. There have been many approaches to improve hydrogen storage
performance including the development of nanostructured materials. One option is to
load a nanoporous scaffold with hydrogen storage materials to be able to produce
nanoparticles of the storage material and to preserve these nanoscale dimensions. In
one example, high-surface-area mesoporous silica was loaded with ammonia borane
(AB) as a model system.179 Mesoporous silica materials have an extremely high surface
area and a highly ordered pore structure, which give them the appearance of nano318
channeled silica scaffolds. In the work of Gutowska et al. the mesoporous silica
material SBA-15 was loaded with AB by the incipient wetness technique using a
saturated methanolic solution of AB. Because of the porous nature of the silica scaffold,
the internal channels of SBA-15 were filled by a capillary action upon exposure.

Isothermal calorimetry experiments using a Calvet calorimeter were used to quantify
both the thermodynamics and kinetics for the release of the first equivalent of H2 from
neat AB and AB:SBA-15 (Figure 239).179 Integration of the area under an isothermal
calorimetry curve (Figure 239) provided the enthalpy of reaction for H2 release (∆Hrxn).
The enthalpy for H2 loss from neat AB (∆Hrxn = -21 ± 1 kJ/mol). This value is in excellent
211
Wolf et al. used calorimetric
agreement with the literature value for neat AB.
instruments, coupled with gas-volumetric equipment, and thermogravimetric methods
to investigate H2 release from solid ammonia borane at isothermal temperatures in the
range of 70-90 °C. They determined that the ammonia borane samples reacted
uniformly and approximately one molar equivalent of H2 was released. They also
reported that the enthalpy of reaction, ΔHrxn, of -21.7 ± 1.2 kJ/mol-NH3BH3, was nearly
independent of temperature.

Note that isothermal calorimetry measurements to evaluate hydrogen release
decomposition enthalpies require great care as outlined in the Introduction section 5.7
of this document. However, for irreversible off-board regenerable materials calorimetry
measurements are more direct and a offer practical way to determine heats of
decomposition.
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Figure 239. Scaled exotherms (solid lines) from isothermal calorimetry
experiments that show the time-dependent release of H2 from AB and AB:SBA179
15 (1:1 wt/wt).

In addition to these thermodynamic measurements Gutowska et al. related the
exothermic heat released from neat AB measured by isothermal calorimetry to the
extent of ammonia borane conversion (= integrated heat released up to elapsed time (t)
per total heat released in complete reaction). This normalization resulted in a
characteristic sigmoid-shaped fractional conversion curve for AB, similar to the results of
evolved H2 gas volume measurements.215,211,319 An inherent assumption of this earlier
work was that exactly one (1.0) equivalent of hydrogen was ultimately released in the
reaction, based upon the reports of Wolf et al.211
Gutowska and co-workers then performed isothermal calorimetry measurements on
neat AB in the range of 70-85°C and reported the time to half conversion (t1/2) as a
function of temperature (Figure 240).
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Figure 240. Calorimetric measured heat release normalized by the ammonia
borane sample amount (solid lines) and the integrated equivalents of H2
released (mol H2/mol AB; dashed lines) assuming a constant heat of reaction of
-21.7 kJ/mol AB. 320
This calorimetry data was used recently to develop isothermal and adiabatic reactivity
models to predict the stability of ammonia borane at 50-60°C, the extreme range of
environmental temperatures for hydrogen storage materials in PEM fuel cell
applications.320 Results of the analysis show that solid ammonia borane is metastable in
the 50-60°C range, having stability against appreciable reaction on the order of a week
at 60°C and months at 50°C. One of the global model results are compared to the
experimental ammonia borane conversion data in Figure 241.
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Figure 241. Global isothermal kinetic model results (solid lines) up to 0.80 H2
equivalents released (the fit region) compared to the experimental data
(dashed lines).320

3.2.3 Physisorption Storage Materials
In the development of new physisorption hydrogen storage materials it is critical to
improve the understanding of the influence the structure and composition has on the
thermodynamic properties of these materials. It is well-known that pore size below 10
nm has a significant influence on the heat of adsorption of hydrogen on porous
materials.256 By thermal desorption spectroscopy (TDS) of H2 adsorbed in several metalorganic frameworks, it has been revealed that the hydrogen desorption temperatures
321
are related to the pore sizes of these materials. With the TDS technique, hydrogen is
first adsorbed on the MOF at room temperature and then cooled down to 20 K, which
could allow the removal of the free hydrogen molecules in the gas phase by applying a
high vacuum (10-5 Pa), while retaining adsorbed H2 molecules the surface of the
framework. When increasing the temperature with a constant heating rate, the
desorbed hydrogen molecules are detected with a mass spectrometer. Hydrogen
adsorbed in cavities of different sizes possessing different energy, will be released at
different temperatures. Hydrogen adsorbed in larger pores is released at lower
temperatures while H2 molecules more strongly adsorbed in smaller pores are desorbed
at higher temperatures. Thus, measurements of the hydrogen desorption spectrum of
different materials can be directly correlated with the size of the pores present in the
framework (Figure 242).321
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Figure 242. Thermal desorption temperatures of hydrogen in MOFs versus the
diameter of their pores. 321
This may indicate stronger binding in smaller pores. However, temperature
programmed methods, it is important to note that caution should be exercised in
ascribing higher temperatures of hydrogen release to stronger hydrogen binding. Kinetic
effects can lead to a slower release of hydrogen which results in hydrogen coming off at
higher temperatures.
Hydrogen adsorption measurements on porous materials over wide ranges of pressure
and temperature can allow for the determination of the solid–gas interactions and
provide significant insights on the state of the adsorbed hydrogen and the physical limits
of these solid–gas systems.
The analysis of excess hydrogen adsorption isotherms measured over the 50–100 K and
0–40 bar ranges has revealed that the characteristic excess maximum was found to be
displaced to lower pressures and to vary less as a function of temperature on MOF
materials with shorter ligands (Figure 243). This can be explained, on the basis of
enthalpy calculations, by an enhanced hydrogen affinity in smaller pores. The analysis
was performed by modifying Clausius–Clapeyron equation with Dubinin–Astakhov (DA)
model parameters (Equation 236). The equation represents the heat evolved as
adsorption occurs over a range of filling temperatures and pressures corresponding to
realistic operating conditions of a hydrogen storage system.
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Equation 236
where E is a characteristic energy, m is a heterogeneity parameter, and θ is the
fractional filling of the pores.

Figure 243. Excess hydrogen adsorption isotherms measured (data points) on
the Cu2(tptc) material (left) and Cu2(bptc) material (right) over the 50–100 K
range and modeled with the DA equation (dashed lines).163
In addition, it has also been found in this example, that the material with the shorter
ligand has a reduced storage capacity. This can be explained, from measurements near
saturation, by a reduction of both adsorbed phase density and volume (Figure 244).
These results suggested that in view of the adsorption thermodynamic properties of the
MOFs, a reduction in the framework weight may be needed to increase the gravimetric
capacity of MOFs under the practical (P,T) operating conditions.163

Figure 244. Plot of the measured excess hydrogen adsorption as a function of
the gas density up to the near-saturation region at 50 K (left) and 55 K (right).
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3.3 Experiments for Fundamental Studies
3.3.1 On-board Reversible Hydride Storage Materials
Understanding the fundamental thermodynamic properties, such as enthalpy of
formation, of on-board reversible hydride storage systems is essential. Favorable
thermodynamic properties are a key factor in identifying materials with the potential for
on-board regeneration. It is therefore crucial that fundamental studies are performed
carefully with a full understanding of the factors that influence the results, from broad
concepts such as the interplay between kinetics and thermodynamics to specific issues
such as unintentional annealing.
3.3.1.1 Annealing
The extreme conditions required in hydrogen storage testing can sometimes have
unintended effects. For example, gravimetric measurements often include a bake-out
procedure to establish the dry mass of a sample. Since this procedure involves heating
the sample under vacuum, some annealing should be expected. Annealing conditions
can have a significant effect on the plateau pressures measured during a PCT
experiment. Figure 245 shows an example of isotherms at 473 K of ZrNi after various
exposing the material to increasing annealing temperatures. The variation in plateau
322
pressure is up to 10% with a 400 K difference in annealing temperature. It is
therefore important to track all steps in the measurement process and consider the
potential effects when the sample is heated.

Figure 245. Isotherms for ZrNi at 473K for samples annealed at () 473 K, ()
673 K, () 773 K, () 873 K and () 1000 K.
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Activation cycling at elevated temperatures is also common for metal hydrides. For
those who perform such activation processes on hydrides it should be noted that the
activation process itself may induce the formation of a metastable phase of the hydride
that is often observed as a second plateau at much higher pressures than normal in the
initial PCT measurements. This plateau usually disappears with the first desorption. An
example of this is shown for LaNi5 in Figure 246 where, after charging a sample at
elevated temperatures (~100°C) and pressures (~100 bar), the following room
temperature absorption PCT measurement exhibits a second higher pressure plateau
that is not observed in the subsequent desorption.

Figure 246. PCT measurements of LaNi5 after heating under hydrogen.
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3.3.1.2 Hydrogenography of Thin Films
A critical issue in Hydrogenography experiments is the impact of the substrate.323, 324
The hydrogenation of metal hydrides is accompanied by a large volume expansions
varying from 11% to as much as 35%. Bulk materials can expand isotropically in all three
directions, whereas a rigid substrate does not allow the free expansion of the film
parallel to the surface during hydrogen uptake. When hydrogen causes the host metal
lattice to expand, adhesion forces act in the opposite direction to prevent the expansion
of the film in the basal (x-y) directions. This creates considerable in-plane compressive
stresses that can be on the order of several GPa (Figure 247). 325 These stresses may
influence the equilibrium plateau pressures of metal hydride films and, consequently,
alter the thermodynamics of the system as compared to the corresponding bulk
materials.

Figure 247. Schematic representation of the forces acting on a thin film during
hydrogen absorption.
The influence of the clamping effect on the enthalpy and entropy of hydride formation
and decomposition strictly depends on the way these stresses can be released. This, in
turn, is governed by the film-substrate interaction energies. Both weak and strong filmsubstrate interactions have been observed. The former is characterized by an adhesion
which is lower than the in-plane stresses, i.e. σ in-plane > γ. In this case, the hydrogenation
induced stresses are released by the formation of so-called buckles and a partial
delamination of the thin film (Figure 248).298 As a result, these films possess very similar
thermodynamic data to that of bulk materials after they have undergone a complete
activation procedure (Figure 249).
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Figure 248. Schematic representation of stress release models in the metal
hydride thin films with weak (left) and strong (right) adhesion to the substrate
during (de)/hydrogenation.

A recent comparative study on buckled and free-standing Pd films by means of
Hydrogenography and Sievert’s volumetry confirms that buckling is a very effective
stress release model, proving that delaminated films can be considered as nearly free
and can be used to study hydrogenation behavior of the corresponding bulk
323
materials.
For strongly adhesive Pd thin films a completely different effect of the induced stress on
the thermodynamic properties is found. Film-substrate interactions in these films are
higher than the in-plane compressive stresses, σin-plane < γ. Thin films remain clamped
during hydrogen absorption and desorption and the mechanical stress release occurs by
means of rearrangement and pile up of the material (Figure 248). Consequently, the
enthalpy of hydride formation and decomposition in the clamped Pd films is found to be
lower and higher by 3 and 1 kJ/mol H2 respectively as compared to the buckled samples
(Figure 249).324
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Figure 249. Van ‘t Hoff graph of the bulk Pd and clamped Pd films (red
triangles) measured by the Hydrogenography; the enthalpy is calculated from
regression analysis. Literature data on Pd films (black circles) and bulk Pd (blue
diamonds) are presented for comparison. Filled and opened symbols represent
absorption and desorption, respectively.
A simple model, based on the stress-strain analysis of the clamped and buckled Pd films
upon hydrogen absorption and desorption unambiguously reveals that the change in
thermodynamics correlate with the mechanical work done in the clamped hydride
324
films.

The effect on the thermodynamic properties of the clamped Pd films is still rather small
and the Hydrogenography results are still relatively close to those of bulk. However, for
other metal hydride thin films such effects can be misleading. The mechanical work
depends on the volume expansion, the hydrogen concentration jump at the phase
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transition, the molar volume, and the mechanical properties change during
(de)/hydrogenation. A variation of some of these parameters can lead to a much larger
impact of the stress energy on the thermodynamic properties of metal hydride thin
films and all of these parameters should be taken into account during the analysis of the
Hydrogenography data. For instance, the Mg2Ni system possesses a 2 times larger
volume expansion as compared to Pd, meaning that the hydrogen atoms will contribute
more energy to expand the lattice. This will result in a higher chemical potential needed
to drive the hydrogenation and dehydrogenation reactions, leading to an increase and a
decrease of the absorption and desorption pressures, respectively. An increase of the
mechanical work shifts the plateaus and lead to an ‘incorrect’ thermodynamic
properties and a different hysteresis behavior if compared to bulk data. This problem,
however, can be overcome by using a model that has been proposed where the bulk
thermodynamic properties can be simply calculated back from the Hydrogenography
324
results combined with a simple stress and strain analysis of the films.
During the Hydrogenography experiments, additional attention should be paid to the
kinetics of the (de)/hydrogenation reactions of the clamped metal hydride films. High
stresses in these films might cause the kinetics to slow down, which will result in a
sloping behavior of the pressure-transmission-isotherms. Therefore, it is very important
to measure first the loading/unloading cycle (after the activation procedure) in a step
scan mode to insure that equilibrium has been achieved between hydrogen in metal and
in gas phase. With this, the time needed for the real equilibrium scan can be
determined.
Alloying process between Pd-cap layer and a metal hydride film is another difficulty
which can affect the Hydrogenography experiment and the data analysis. An interalloying process can change the chemical composition and the stability of the measured
film; the experimental results, obtained in this kind of systems will not reflect the
thermodynamic properties of the corresponding bulk materials. Alloying can also lead to
a formation of a blocking layer, which is not permeable for hydrogen and result in a
negligible hydrogen absorption by the sample. For this reason, to insure stability of the
film, it is necessary to measure and compare several loading/unloading cycles.
No substantial alloying is expected during the Hydrogenography experiments below 363
K. However, as the diffusion of metal atoms is a temperature limited process,
Hydrogenography experiments at elevated temperatures (>363 K) need to be conducted
with an additional interlayer between Pd and the film to prevent inter-alloying from
occurring. This interlayer should be chemically stable within the measurement
temperature range.
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3.3.2 Off-board Regenerable Hydrides Storage Materials
An excellent example of the use of thermodynamic measurements to gain a better
understanding of the fundamental processes of the decomposition of the off-board
regenerable hydrides was the study of Graetz and Reilly on different polymorphs of
AlH3.238 In this case, the thermodynamics of the α, β and γ polymorphs of AlH3 were
determined using differential scanning calorimetry (DSC) and ex situ X-ray diffraction
(XRD). The DSC instrument was a heat-flux configuration whereby energy released or
absorbed is determined by measuring the heat flow between the sample and a
reference crucible. The reaction enthalpies were determined by measuring the heat
absorbed/ released during a temperature ramp between 35 ◦C and 300 ◦C at a rate of
10◦C/min. In this study it was assumed that the magnitude of the decomposition
enthalpy is equivalent to the formation enthalpy. Although measurements were
performed during the decomposition reaction, the values were reported as formation
enthalpies (with a sign change) to be consistent with similar studies in the literature. Ex
situ XRD samples received the same thermal treatment as the DSC samples, but were
quenched in a room temperature water bath in a sealed vessel after reaching a given
point in the thermal ramp. Results of the two separate measurements on the α-AlH3
phase are shown in Figure 250. As expected, the diffraction pattern demonstrates that
α-AlH3 is completely transformed to Al metal (and H2) during the temperature ramp.

Figure 250. (a) Differential scanning calorimetry plot of α-AlH3 in the
temperature range of 35–300 ◦C ramped at a rate of 10 ◦C/min; (b) ex situ
diffraction patterns acquired at room temperature before thermal treatment
(I) and after a temperature ramp to 300 ◦C (II).238
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The Gibbs free energy of formation at room temperature (∆G298K) was calculated using
the measured formation enthalpy and an entropy change (∆S) was assumed to be equal
to 130.7 J/mol K, which is the entropy associated with the transformation of hydrogen
from a disordered gas to an ordered solid.
Similar measurements were performed on β-AlH3 phase and γ-AlH3 phase materials. The
results demonstrate that at around 100 ◦C the decomposition of the β and γ polymorphs
occurs by an initial phase transition to the α polymorph followed by decomposition of
the α phase. The measured enthalpy of the β→α transition is 1.5 ± 0.4 kJ/mol AlH3. It
was noted that the measured transition enthalpy may be slightly higher than the actual
value due to contributions from some γ-phase impurity. A enthalpy of 2.8 ± 0.4 kJ/mol
AlH3 was found for the γ→α transition. The transformation to the α-phase is exothermic
and is therefore likely to occur spontaneously at room temperature. A formation
enthalpy of approximately −10 kJ/mol AlH 3 was measured for α-AlH3, which is in good
agreement with previous experimental and calculated results.
The combined measurements of DSC and ex-situ X-ray diffraction point to the
importance of knowing a) the constituent compositions of reactants and products, b)
the reaction pathways, and c) ensuring that the reactions have gone to completion in
order to use the measured heats to determine enthalpies of reaction.

3.3.3 Physisorption Storage Materials
The interaction energy of just a few kJ/mol between the frameworks and the
dihydrogen molecules within porous materials, can be easily overwhelmed by the
thermal energy of the hydrogen gas, thus resulting in very low hydrogen uptake at room
326
temperature even under a high pressure. The detailed understanding of the location
of H2 and the energetics of H2-framework interactions within porous materials are of
crucial importance for developing materials that can function near ambient
temperatures.273
A useful experimental method for aiding in a molecular level understanding of hydrogen
adsorption in porous materials is inelastic neutron scattering (INS) spectroscopy of the
hindered rotational transitions of the adsorbed hydrogen molecules. The lowest
transition hindered rotor energy level of the H2 molecule is a rotational tunneling
transition, which depends exponentially on the height of the barrier to rotation. It is for
this reason that this technique is extremely sensitive to the chemical environment of
adsorbed H2 and can thereby provide detailed information about the various binding
sites that the hydrogen molecules occupy and the approximate order in which these are
filled. Because of the very large inelastic incoherent neutron scattering cross section for
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hydrogen, vibrational modes not involving hydrogen are not normally observed, which
greatly simplifies the analysis of the observed spectra. This technique has become
invaluable to the understanding of the hydrogen adsorption characteristics of a variety
of nanoporous substrates including zeolites and carbon nanostructures and has also
been recently employed to investigate the details of hydrogen adsorption in porous
MOFs. 327
As an example, INS spectra of MOF-5, recorded at different temperatures for loadings of
less than 8H2 per formula unit, exhibit two peaks centered at 10.3 and 12.1 meV (a
lower value corresponds to a larger rotational barrier).12 These peaks could be assigned
to H2 bound to the Zn4O cluster unit and the BDC2- linker, respectively. Higher H2
loadings revealed a splitting of the 12.1 meV absorption band, indicating that multiple
binding sites exist for which adsorbed H2 molecules have similar rotational barriers.
Variable-temperature INS studies on HKUST-1 revealed six different hydrogen
adsorption sites. Vacant axial coordination sites of the CuII centers, where hydrogen
possesses a large rotational barrier, were occupied first. This is consistent with the
estimated binding energy of just 6–10 kJ mol-1. The remaining sites are located near the
benzene ring and carboxylate moieties of the ligand. The absorption peak in the INS
spectra corresponding to hydrogen bound in the small pocket shifts to higher energy at
high loadings, suggesting that hydrogen binding indeed provokes minor changes in the
environment of this adsorption site (Figure 251). 328 These INS studies combined with
powder neutron diffraction (PND) measurements on MOFs have consistently revealed
that the metal centers have higher hydrogen binding energy than the organic linkers,
which is very instructive for developing new MOF materials with higher adsorption
enthalpies for near ambient hydrogen storage applications.

Figure 251. INS spectra of H2 in HKUST-1 at 0.2, 0.5, 1.0, 1.5, 2.0 H2:Cu. The
background spectrum has been subtracted from the H2 spectra.328
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As mentioned in this Thermodynamics measurement section 1.3.4
variabletemperature spectroscopy can be a useful method to explore the site-specific
interactions of hydrogen within a framework and the energetics of those binding events.
The results of hydrogen uptake in MOF-5 using infrared spectroscopy revealed two
transitions at 4112 and 4121 cm-1 at low pressures, which were assigned to para- and
ortho-hydrogen coordinated at the same type of site within the framework.171 As the H2
pressure was increased, the two transitions became obscured by a broad absorption
band centered at 4130 cm-1. The binding energies determined for the low- and high171
pressure sites were 7.4 and 3.5 kJ mol-1 H2, respectively (Figure 252).
The infrared studies on Ni2(dhtp) demonstrated that H2 was adsorbed at the
coordinatively-unsaturated nickel(II) sites at a relatively high temperature of 180 K with
a strong adsorption enthalpy of 13.5 kJ mol-1H2 (Figure 252) Two vibrational frequencies
were observed at 4035 and 4028 cm-1, corresponding to two distinct binding sites with
the hydrogen molecule eclipsing an Ni-O bond, where the oxygen atom arises either
from the carboxylate or alkoxide group. With the increase of H2 loading, two new bands
at νH-H = 4132 and 4120 cm-1 are observed, which originate from hydrogen bound to the
329
aromatic linkers (Figure 252).

Figure 252. Dependence of the adsorption enthalpy (ΔHads, black circle) and of
the temperature at which the H2 complexes are observed (T onset, gray
squares) on the corresponding shift of the H-H stretching frequency for the
three MOFs under investigation. Para-H2 has been used as reference. The red
line corresponds to the linear regression of the Tonset data: y = mx + q where m
= -0.90436 K cm and q = 61.15506 K (r2 = 0.9694 and max. dev. = 8.57425). For
CPO-27-Ni, the barycenter of the 4028 and 4035 cm-1 bands has been
considered.329
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4 Example Approaches to Improve Thermodynamics
4.1 Materials Improvements
4.1.1 Alloys with Destabilizing Elements

One common technique to reduce stability of a metal hydride such as LaH2 is to
combine it with another element with a lower affinity for hydrogen (such as Ni) to form
an intermetallic hydride LaNi5H6 with and intermediate stability. This is known as the
“Miedema's rule of inverse stability” This is described by a model for calculating the
enthalpy of formation developed by Bouten and Miedema. 330 Their model states that an
alloy of two transition metals, A and B, which forms a hydride, ABnH2m, will have an
enthalpy of formation approximately given by:
Equation 237

∆H ( ABn H 2 m ) = ∆H ( AH m ) + ∆H (Bn H m ) − ∆H ( ABn )

Equation 237 is advantageous when ∆H(BnHm) is small or positive and ∆H(ABn) is
negative. It is derived from the assumption that A has a much stronger affinity for
hydrogen, and therefore the A-B bond is broken and islands of AHm surrounded by B are
formed.

4.1.2 Mixtures of Destabilizing Hydrides

Recent work has shown that significant destabilization can also be achieved through the
mixing of hydride materials. For example, in the experiments described in above, the
decomposition reaction of LiBH4 is given in Equation 238:
Equation 238

LiBH4  LiH + B + 3/2H2

However, as described in Section 3.1.1 above, Vajo et al showed that it is possible to
reduce the enthalpy of reaction by mixing MgH2 with LiBH4. The new reaction is given
by:
Equation 239

2LiBH4 + MgH2  2LiH + MgB2 + 4H2
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MgB2 has a lower enthalpy than pure B, reducing the enthalpy of reaction by 25 kJ/mol
H2.315
Predicting mixtures that will result in optimally stabilized end states is not a simple
process. Often complicated multistep reactions will replace the predicted one step
reaction, indicating the need for care and experimentation to back up predictions. For
example, it is tempting to try a similar destabilization of Ca(BH4)2 with MgH2 as shown in
Equation 240 and Equation 241:

Equation 240

Ca(BH4)2  CaH2 + 2B + 3H2

Equation 241

Ca(BH4)2 + MgH2  CaH2 + MgB2 + 4H2

However, careful consideration reveals that Ca(BH4)2 has a lower enthalpy of formation
than MgH2, and therefore will decompose before Equation 241 can take place. For this
reason, Siegel et. al have set out some guidelines for choosing destabilizing mixtures.
These can be summarized as: the enthalpy of reaction of the proposed mixing
compound must be less than that of the original compound, if a hydride-forming
element is included, the enthalpy of formation of the hydride must also be considered,
and it is not generally possible in these systems (versus intermetallic alloys) to tune a
reaction by altering the stoichiometry, as there is only one appropriate stoichiometry
that will lead to the desired one step reaction.331

4.1.3 Size Effects

Nanoscale size effects are believed to influence the thermodynamic as well as the
kinetic properties of hydrogen storage materials. These effects have been evaluated by
theory, but are difficult to duplicate in experiments due to the extremely small sizes
required, sometimes smaller than 2 nm before significant effects are predicted. There
are multiple mechanisms by which nanoscale effects could change the thermodynamics,
such as increasing the surface area and adding strain at grain boundaries.
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4.1.3.1 Increased Surface Area
In a bulk material, the difference in surface energy between the hydrided and
unhydrided states is negligible, since the surface area of the sample is relatively small.
However, a sample composed of nanoparticles may have such a high surface area that it
is necessary to include an analysis of the change in surface energy during the reaction.
This has been done both by adding an extra term in the van ‘t Hoff equation (see
332
333
Equation 242) and Density Functional Theory (DFT) calculations.

Equation 242

 Peq  ∆H o +
 =
ln
 Po 

3VM ∆M → M H 2
∆S
r
− o
RT
R

In Equation 242, VM is the molar volume of the metal phase, ∆MMH2 is the change in
surface energy between the metal and the hydride phase and r is the average particle
radius. For an increase in surface area to increase the equilibrium hydrogen pressure at
a given temperature, ∆MMH2 must be positive. For example, for the Mg to MgH2
transition, ∆MMH2 is 1.76 Jm-2, which results in a predicted increase in the effective
∆H of more than 10% for spherical nanoparticles with an average radius less than 4
nm.332 DFT calculations predict a similar change only for nanoparticles with a radius less
than 2 nm.333

4.1.3.2 Grain Boundaries
Increased grain boundary area has been shown to enhance the kinetics of hydrogen
storage materials, as discussed in section 4.2 of the kinetics chapter. When grain sizes
reach the nanoscale, many theories predict that there can be some thermodynamic
improvement as well. The strain present due to mismatched crystal orientation at the
grain boundaries can lead to excess volume in the sample, which in turn creates excess
334
energy in the material. An alternative explanation is to treat the grain boundaries as
an enhanced surface area and follow the same treatment outlined in section 4.1.3.1
above.332 However, there is little experimental evidence to support these concepts so
far.
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4.1.4 Thermodynamic Improvements of On-board Reversible Hydride
Materials

One focus in developing materials which may be recharged on-board a vehicle is to start
with a high capacity material and work to improve its thermodynamic and kinetic
properties. The most important thermodynamic property in these studies is usually the
enthalpy of formation, since this has the most influence on obtaining favorable
operating pressure and temperature conditions possible. The entropy of formation
would appear to offer similar opportunities for improvement based on the van ‘t Hoff
equation. However, since the change in entropy corresponds mostly to the shift from
molecular hydrogen gas to hydrogen atoms dissolved in solid solution, there may be less
room for improved performance through the modification of entropy.
The study of magnesium based hydrogen storage materials is a good example.
Magnesium is appealing due to its low cost, abundance, and high capacity. However, the
enthalpy of formation of MgH2 is approximately -75 kJ/mol H2, well above the ideal
value of -30 kJ/mol H2. Many efforts have focused on reducing the enthalpy of
formation of MgH2 and related compounds to a more practical level. Unfortunately, this
has proved challenging as Mg forms stoichiometric complex hydrides when combined
with other metals rather than alloy hydrides.

4.1.5 Thermodynamic Improvements
Hydride Materials

of

Off-board

Regenerable

One example of the efforts to improve the thermodynamics of off-board regenerable
hydrogen storage materials is the recent work by Shih-Yuan Liu and co-workers at the
University of Oregon. 335 Their work has focused on developing CBN (heterocycles
containing carbon, boron, and nitrogen) hydrogen storage materials that are liquidphase and have the potential to be reversibly regenerated using molecular hydrogen. In
order to accomplish reversibility, neutrality in free energy of the hydrogen release
process (i.e., ΔG ~0 kJ/mol) at the operating temperature is required. The
dehydrogenation of ammonia-borane (H3N–BH3 or AB) is exergonic by -13 kcal/mol (–
54.4 kJ/mol) at 298 K (Figure 253 (1)). In contrast to AB, the dehydrogenation of its
isoelectronic organic counterpart, ethane (CH3–CH3), is endergonic (not spontaneous, in
contrast with an exergonic process, absorbs energy from the surroundings) by +25
kcal/mol (–104.7 kJ/mol) (Figure 253 (2)). The coupling of endothermic dehydrogenation
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from carbon-carbon with exothermic dehydrogenation from BN in a cyclic sixmembered framework could lead to a reversible H2 storage system. Indeed, high-level
computational analysis indicates that the release of H2 from CBN heterocycles (Figure
336
253 (3)) has favorable overall thermodynamics conducive to reversibility.

Figure 253. Thermodynamics of hydrogen release from (1) AB, (2) Ethane, and
(3) potential CBN hydrogen storage materials.335

Theory was used to guide the researcher’s initial target selection for synthesis. Figure
254 illustrates the calculated thermodynamic data for H2 desorption for seven proposed
CBN materials. Materials (1), (3), and (7) were predicted to have the potential for
336
reversibility (ΔG ~ 0 kcal/mol).
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Figure 254. Calculated Thermodynamic Properties of CBN Heterocycles.335

Initial work accomplished the synthesis of representative model compounds on the
proposed pathway from the fully charged to discharged material 1 in Figure 254.335
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4.1.6 Thermodynamic Improvements of Physisorption Materials

Current major obstacle for hydrogen storage on physisorption materials lies in their low
heats of adsorption. A desired binding energy of ca. 20 kJ/mol in the overall hydrogen
loading range has been proposed for room temperature hydrogen storage. Introducing
coordinatively unsaturated metal centers (UMCs) on the surfaces has been proved very
attractive in enhancing the adsorption enthalpies particularly for MOF materials. A
recent systematic investigation of hydrogen affinities of different UMCs in a series of
isomorphous MOF structures revealed that open nickel centers possess the highest
hydrogen binding energy compared to other first transition metals and magnesium
(Figure 255). 337 Although high adsorption enthalpies up to 13.5 kJ/molH2 have been
achieved in some porous MOFs at very low hydrogen coverage, the adsorption
enthalpies abruptly decline to 5–6 kJ/mol with the increase of hydrogen loadings and no
significant improvement of hydrogen uptakes could be observed at room temperature
under high pressure. In order to enhance the room temperature hydrogen storage
capacities, it is believed that high concentrations of UMCs on the surfaces within porous
MOFs must be generated, and this may require more rational design and some new
326
synthetic methods in future development of porous MOFs.

Figure 255. The empirical transition metal ion radius, the calculated M-H2
distance, the experimental Qst (along with error bar), and the calculated
EB(GGA) of M2(dhtp).337
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Section 5: Cycle-Life Measurements
Cycle-Life performance measurements are critical for evaluating the practical use of
hydrogen storage materials in applications such as hydrogen powered automobiles
where hundreds to thousands of cycles will be required. It is important that these
measurements be performed accurately and with a thorough understanding of a) how
measurements should be performed to best represent the conditions under which
hydrogen storage materials will be used in life applications, b) what impact the
experimental setup itself can have on the performance results, c) how to best gain
insight from the measurements into what causes cycling performance degradation. In
this section, we will focus on developing a better definition of how such tests should be
performed, what parameters may impact the results, and what properties are e.g.,
capacity fade, or degradation in kinetics, are the most critical in performance
evaluation.
This section will give a brief introduction to the basic concepts of Cycle-Life
Measurements and then focus on the difficulties that can arise in making accurate
measurements and interpreting the data.

5 Introduction and Definitions
The following is a brief introduction to the general concepts of Cycle-Life Measurements
and some of the basic applications to hydrogen storage materials.

5.1 Basics of Cycle-Life Measurements
Cycle-Life Measurements is the study of performance of on-board reversible hydrogen
storage materials as they may be used in real applications. Typically, the first step is to
make basic measurements of the total reversible capacity of the material as hydrogen is
charged and released from the material over several cycles. Following this,
measurements may then focus on modifying the storage material itself to improve the
ability to maintain capacity over many cycles. This may be supported by more
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fundamental studies of what causes degradation of the material with cycling. An
important metric of performance besides capacity is the rate of hydrogen uptake and
release which is also likely to degrade with cycling. In the later stages, measurements
are aimed at evaluating how storage materials perform when cycled under non-ideal
conditions (temperature excursions, exposure to air, impurities in the hydrogen gas
supply….). Finally, thorough testing of the materials and storage system at a scaled up
level are necessary to be able to evaluate true application level performance. Each level
of Cycle-Life testing may require its own unique experimental setup, procedures and
special attention to details that may unexpectedly adversely impact the reliability of the
measurements.
Cycle-Life measurements have been performed most extensively on reversible metal
hydrides and to a much lesser extent on reversible physisorption hydrogen storage
materials. For this reason the next chapter will focus on the Cycle-Life properties of
reversible hydrides. While some of these hydrogen-materials interactions (such as
decrepitation) are specific to hydrides, many similar issues may affect the cycling
properties of physisorption materials. For example, hydrogen uptake is known to
change the lattice dimensions in some MOFs. This may ultimately affect the long-term
cycling performance of these materials. Another issue with hydrides to consider for
physisorption materials is degradation or long-term cycling stability. For example,
exposure to excessive temperature is known to cause degradation or complete
decomposition of some MOFs. It may be that hydrogen cycling will lead to similar
degradation behavior of these materials. Certainly, exposure to impurities in the
hydrogen supply that has a strong impact on hydrides, are likely to affect hydrogen
uptake of some physisorption materials (in particular those that contain active catalysts
e.g. platinum in spill-over materials). However, little is know about the long-term effects
on physisorption materials due to the presence of impurities.
Cycle-Life measurements in this chapter are specifically addressed within the context of
on-board reversible hydrogen storage. Off-board regenerable materials necessarily
involve the chemical reprocessing of spent materials and, as such, are outside the scope
of Cycle-Life measurements covered in this document.

5.2 Cycle-Life Properties of On-board Reversible Hydrides
5.2.1 Introduction: Long-Term Stability of Metal Hydrides
Intermetallic metal hydrides, such as LaNi5, have been of great interest for different
applications that require numerous hydrogen absorption/desorption cycles, including
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hydrogen storage, heat pumps, cryo-coolers, etc. The LaNi5 intermetallic compounds
have been studied because of their high hydrogen capacity in excess of 6 atoms per unit
of LaNi5 or 7.6×1022 atoms/cm3, nearly twice as high as in liquid hydrogen and the fact
that the alloy takes up and releases hydrogen near ambient temperature and pressure
conditions. However, problems are encountered when repeated hydriding/dehydriding
is performed on these, especially AB5 alloys hydrides. In fact, even the alloy fabrication
and preparation processes can have a very large effect on the hydrogen storage
cyclability of all hydrogen storage materials. An example is shown below in Figure 256
of a comparative study of the cyclic life performance of different commercially available
LaNi5 samples. 338 This example shows that painstaking characterization of the material
and of the process is mandatory for the use of hydrides in basic research as well as in
339
their applications.

Figure 256. Hydrogen storage capacities of LaNi5 samples from various
suppliers during absorption cycling: (A) Research Chemicals sample, dry H2; (B)
Ergenics; (C) Research Chemicals; (D) Molycorp. Samples are cycled in 12 atm
with about 10 Torr H2O.338
One of the advantages of the intermetallics is that they are generally accessible to
elemental substitution. In the case of LaNi5, a series of isostructural pseudo-binary La1xRxNi5 and LaNi5-xMx compounds can be obtained by replacing either the La or Ni in the
crystal structure of the intermetallics.340 By modifying the composition of these AB5based intermetallics, the pressures at which room temperature hydriding occurs can be
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changed dramatically. This allows for the tailoring of sorption properties to meet the
requirements of a variety of applications.
Again for applications including electrochemical (Nickel-Metal-Hydride batteries), a
major problem is encountered when the materials are charged and discharged over
many cycles. For LaNi5 and other intermetallics, the ability to modify the elemental
composition of the alloy has proven highly successful in improving the Cycle-Life
performance of the materials. An example of this was demonstrated by Bowman et al.
in a study of thermal hydrogen absorption-desorption capacities of tin-substituted
LaNi5. 341 Samples with only a minor amount of tin substituted for Ni dramatically
improved the hydrogen Cycle-Life capacities of the materials. The study verified that
partial Sn substitution produced alloys that were very resistant to intrinsic
disproportionation (the decomposition of the alloy into more stable hydrides or alloys)
of LaNi5 into LaHx and Ni metal (Figure 257).

Figure 257. Hydrogen concentration changes ∆x for LaNi5-ySnyHx obtained from
the maximum and minimum pressures for each cycle.341
In practical applications, the hydrogen storage materials are subjected to numerous
hydrogen charge-discharge cycles. For hydrogen powered vehicles, the required target
for the storage system has been set at an operational Cycle-Life (1/4 tank to Full Tank)
of 1000 cycles (2010) and 1500 cycles by 2015.155

Page 511 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 5: Cycle-Life Measurements

The physical, crystallographic, micro-structural, and thermodynamic behavior of the
materials used to store hydrogen may change after only few or after many absorptiondesorption cycles. In the case of metal hydrides, some factors that will impact the
Cycle-Life behavior are: whether the hydride has one, two or more plateaus, volume
expansion of the crystal lattice, maximum pressure exerted above the plateau
pressures, maximum temperature of operation, kinetics, the purity of the hydrogen gas,
alloy composition, defects in the lattice, and alloying elements added to stabilize
starting material.

5.2.2 Decrepitation of Hydrides

The process of hydrogenation and dehydrogenation of a metal lattice usually causes
lattice expansion and contraction. In general, the strain caused by the difference in
lattice dimensions at the metal-to-hydride interface causes defects leading to crack
formation. Through this process, most intermetallic alloys and compounds form fine
powders on hydriding. This process is referred to as Decrepitation.
The starting materials to make hydrides are often coarse metal particles, each on the
order of several mm in size. Each particle generally consists of a host of single crystal
domains, or grains. Grain boundaries within the particle are typically on the scale of
micrometers. Once molecular hydrogen comes in contact with the particle surface,
dissociation occurs through a catalytic reaction and generates atomic hydrogen (H)
interstitials which transport relatively fast through the grain boundaries (at low
temperatures) and diffusing more slowly through the volume of the grain. Decrepitation
takes place with each hydrogen absorption/desorption cycle. After repeated cycling, the
342
particles disintegration into smaller and smaller particles.
This process is very
common in hydrides of elemental metals as well as in intermetallic compounds or alloys.
The degree of decrepitation depends on the number of cycles and the plastic behavior
of the alloy or metal. In the case of LaNi5, the particle slowly disintegrated to some
minimum dimensions after which there is very little reduction in particle size. This may
be due micro-plasticity exhibited in intermetallics, which are generally very brittle. Many
of the elemental hydrides have metallic character and plastic deformation occurs during
hydriding that accommodates the strain thus inhibiting significant decrepitation.
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Figure 258. Reversible portions of the pressure–composition isotherms
obtained at 298 K on thermal cycled V0.995C0.005HX.344
A good example of this is the hydrides of vanadium and some vanadium alloys. 343,344
Although the VH ,V–C–H , and V–Zr–C–H systems cannot experience the intrinsic
chemical disproportionation reactions that occur in LaNi5HX 345 and other ternary
hydrides, minor changes were observed in the isotherms for vanadium hydride and
some vanadium-alloy hydrides after several hundred absorption–desorption cycles
across the β–γ plateau region. Room temperature isotherm of V0.995C0.005HX taken after
11 and 1000 thermal cycles are shown above in Figure 258.
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The morphology of decrepitated powers can affect packing, which in turn can lead to
internal gas impedance and container deformation.47 The morphology of the powders
also affects heat transfer. Most hydride powders have poor heat transfer coefficients
and require engineering for thermal enhancement (e.g., Al foam, internal fins, etc.). This
is made worse by decrepitation leading to the loss of thermal contact with the heat
transfer media. The end result is that the decrepitation that occurs with each hydriding
cycle may have an important and unpredictable effect on the Cycle-Life properties of a
hydrogen storage material.
The decrepitation process is something that should be taken into account in making
Cycle-Life measurements. In general, decrepitation is one of several processes that take
place in the first few to tens of cycles and is wrapped up in what is commonly called the
Activation process. In Cycle-Life measurements, the material will likely show increased
capacity in the first activation cycles before reaching a more steady-state cycling
behavior (usually a slow loss in capacity). It was pointed out in prior chapters that it is
important to make sure the sample is fully activated before ascribing long-term
hydrogen storage properties to a material. This is equally true for Cycle-Life
measurements and is best achieved by recording complete uptake and release data in
the first 20 or so cycles.

5.2.3 Degradation by Disproportionation of Hydrides

Capacity loss with cycling in hydrides is often due to disproportionation (the
decomposition of the alloy into more stable hydrides or alloys). Commonly the metal
alloy or hydride will decompose at the surface and the element with a higher affinity for
hydrogen or oxygen will form a stable hydride or oxide reducing the overall content of
alloy able to store hydrogen. Whether through intrinsic instabilities or extrinsic reaction
with impurities, the material will show a loss in capacity over extended hydrogen
cycling.
An example of disproportionation during pressure cycling can be seen from the
measurements performed by Goodell on the hydriding of LaNi5, CaNi5, and
LaNi4.7Al0.3. 346 The results of those measurements are shown in Figure 259 (a). It can be
seen that that the Al substituted alloy LaNi5Al0.3 shows virtually no degradation
compared with LaNi5 and certainly CaNi5 which are known to disproportionate. This is
possibly due to Al ordering in Ni sub-lattice reducing disproportionation. 347 Figure 259
(a) also shows that the hydriding properties are almost recovered by reproportionation
through vacuum thermal treatment of the samples.
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Figure 259. (a) Comparison of hydrogen capacity loss as function number of
pressure cycles for LaNi4.7Al0.3, LaNi5.2, and CaNi5, before and after pressure
346
cycling at 85oC between 0 and 2068 kPa (300psi). This shows a significant
loss in CaNi5 but this loss is recovered after reproportionation. (b) A reference
isotherm of CaNi5 (taken at 25oC) showing three different plateaus due to the
three distinct CaNiHx phase compositions. 348

5.2.4 Gaseous Impurity Effects on Classic Hydrides

Four classic types of alloy-impurity interactions are described below, three of which are
demonstrated in the data of Figure 260.59

Innocuous: (not shown in Figure 260) is observed as essentially no cyclic effect on rate
or capacity, i.e., inert. Examples of innocuous impurities include N2 and CH4 interactions
with AB5 intermetallics at room temperature.
However, it should be noted that innocuous impurities at high levels (<1%) can exhibit
what appears to be retardation during absorption. This is simple "inert gas blanketing"
where the innocuous impurity gas simply collects and concentrates in the cracks and
interparticle voids, resulting in a type of H2 diffusion barrier. Inert gas blanketing is
asymmetric and is not seen on desorption as the impurity gas is quickly swept away.
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Poisoning: results in a severe and rapid loss of H-capacity with cycling. The impurity is
able to virtually stop hydriding with only a monolayer of surface coverage, suggesting
that dissociative chemisorption (H2-dissociation into atomic hydrogen at the surface) is
deactivated. Typical poisons include CO (near room temperature) and the S-containing
gases (e.g., CH3SH methyl mercaptan). Impurity tests on LaNi5 and Fe-Ti alloy with H2S
and CH3SH (shown in Figure 260a) and CO impurity gases exhibited a rapid loss of
hydrogen capacity, and were considered to be the result of surface poisoning. 349
Within a macroscopic bed, poisoning is very heterogeneous with the remaining unpoisoned material showing good kinetics. This can be seen in Figure 260a by the way the
initial slope of the curves were not greatly affected by cycling. For practical purposes, it
is important to know that poisoned alloys can usually be regenerated by heating and
flushing with relatively pure H2, albeit sometimes with difficulty.
Retardation: is characterized by losses of absorption/desorption reaction rates without
significant loss in ultimate H-capacity. An example of the retardant effect shown in
Figure 260b for ammonia NH3. Although only the first 4 minutes of absorption are
shown in Figure 260b, given enough time all the curves reach virtually full hydrogen
capacity. Other retardants include CO2 on the AB5 alloys or CO at temperatures above
100°C.
Occasionally, retardation is followed by a recovery, as shown by the example of the
short-term 02 impurity effects in Figure 260c. This behavior is known only for the AB5
intermetallics and is associated with the development of a "self-restoring" surface
composed of relatively transparent La203 and/or La(OH)3 and fine catalytic Ni
particles.350 The effects of retardation can generally be easily erased by switching back
to high purity H2.
Reaction: is the effect of bulk corrosion loss of alloy resulting in irreversible capacity
loss. Tests of 1000 ppm level of oxygen impurity in hydrogen revealed significant loss in
LaNi5 capacity due to oxidation. Although 02 exposure exhibits a short-term retardationrecovery behavior (Figure 260c), its long term behavior is as a reactant by oxidizing the
alloy (Figure 260d). The alloy damage caused by a reactant generally cannot be
recovered without complete metallurgical reprocessing.
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Figure 260. Effects of different types of impurity interactions with LaNi5 on the
absorption H/M vs. time profiles during repeated cycling. (a) Poisoning, (b)
Retardation, (c) Retardation-Recovery, (d) Reaction. Curves measured at 25°C
and 3.4 atm H2 pressure.59

An empirical mathematical damage model for quantifying alloy-impurity effects was
proposed and developed by Goodell. 351 Unfortunately, this model has not been
evaluated or applied to other Cycle-Life degradation data by subsequent investigators.

Equation 243
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where ∆[H/M]0 = initial hydrogen transfer capacity, N is the number of cycles, C =
impurity concentration, Co = threshold concentration for damage, φ= is damage function
given by hydridable metal atoms consumed/impurity atom, q = ∆[H/M]0 stoichiometric
ratio for an intermetallic, r = number of active impurity atoms/impurity molecules, A=
(0.001)(1-m), and m = concentration dependence. For example, for LaNi5 and
TiFe0.85Mn0.15 tests performed with CO at 25oC, showed φ=1733 (m=1) and 1320 (m=1)
respectively, whereas, with NH3 at 25oC showed φ=8.6 (m=0.5) and 12.6 (m=0.5), and O2
at 25oC showed φ=1.4 (m=0.5) and 169 (m=1).

5.3 Cycle-Life Properties of Physisorption Storage Materials
Very few Cycle-Life measurements of hydrogen storage properties physisorption
materials exist. The lack of data points out the need for more intensive work in this
area; in particular with respect to long term cycling performance of physisorption
materials in view of automotive applications. For this reason, issues that will certainly be
germane to such measurements are outlined below.

1. Even though hydrogen storage in physisorption materials is through weak
surface interactions of molecular hydrogen, it can not be assumed that
performance degradation does not occur with hydrogen cycling for all
physisorption materials.
2. Measurements can be difficult because typical 77K temperatures will have to be
consistently maintained throughout hundreds of cycles.
3. However, kinetics are generally fast, therefore, pressure cycling can be done
within a reasonable time. Thermal cycling may not be needed.
4. Because physisorption capacity measurements are susceptible to large errors (as
described in the Capacity Section of this document), it is critical that any
evaluation of long-term cycling performance be done using isotherms done
under identical conditions at regular cycling intervals. It is unlikely to be
sufficient to simply compare maximum uptake (or release) per cycle.
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5. Impurities in the hydrogen supply are likely to impact Cycle-Life performance
(e.g. MOFs that decompose with water contact). Yet some impurities (Air…) may
condense out of the hydrogen supply at low temperatures before being exposed
to the storage materials. Contamination issues should be evaluated with respect
to how the materials will be used in an actual application.
6. Studies involving natural gas storage have shown that impurities in the gas
accumulate in high surface area carbon adsorbents. However, this principally
impacts low pressures capacities (<2 bar) which might not be utilized in
hydrogen storage applications. Thus, the impact of contaminates should be
investigated as a function of pressure as well as temperature.
7. Pressure cycling may induce some lattice changes in the materials (some MOFs
for example). The impact of these changes, such as hydrogen gas trapping, or
structural degradation with repeated cycling should be investigated. It is
recommended to use simultaneous measurement techniques, when possible, to
investigate structural changes with hydrogen content. An example would be insitu X-ray Diffraction or neutron diffraction while performing hydrogen uptake
and release isotherm measurement.

6 Cycle-Life Measurements Methods
This long-term performance behavior is often referred to as degradation behavior. Two
general approaches have been taken with respect to the measurement of the long-term
stability of hydrides. One approach (Hydriding-dehydriding) Cycling Tests evaluates the
ability to maintain properties, such as hydrogen capacity operating temperature and/or
pressure after numerous hydriding-dehydriding cycles. Another approach, Aging Test,
has been to evaluate the hydride’s performance after is maintained at very high
pressure and temperatures for a long period of time. These may be further divided into:
(1) Intrinsic and (2) Extrinsic testing. All intrinsic test involve using pure hydrogen, and
extrinsic tests involve gaseous impurities (generally in ppm levels to simulate nominal
hydrogen gas composition) mixed with hydrogen gas. The different types of degradation
testing are laid out below in Figure 261.
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Long- and Short-term Stability Experiments
Thermal Cycling
(Long-Term Tests)
Intrinsic
Constant Pressure Tests
• Temperature Ramping at
constant pressure
• Same H2 gas used
Pressure Cycling Tests at
Const. Temp.
• Nearly Isothermal process
• Pure hydrogen used
Extrinsic Method
• Isothermal pressure cycling
(Modified Sievert’s
apparatus used)
• Introduce impure
hydrogen at each cycle
• Impurity gases are
premixed with UHP H2
(one or more impurity gas
may be mixed)
• Ensure complete
absorption and desorption
of H2 gas

Intrinsic
Pressure-Temperature
Variation (P-T) Tests
• Temperature Ramping
• Two chambers are needed;
one for sample and the
other storing evolved gas
• Same H2 gas is transferred
to from one hydride
chamber to the another
Extrinsic Method
• May use impure gases
(rather than UHP hydrogen)
and cycle with fresh
charges or use the same
impure gas.
• May perform tests to
different temperatures and
pressures depending on the
material

Thermal Aging
(Short Term Tests)

•

•
•
•

•
•
•

•

Intrinsic
Thermal Aging
High temperature and
Pressure Aging at nearly
isothermal conditions
Pure H2 used
1 to 2 weeks are sufficient (in
general)
Results are somewhat
comparable to long-term
thermal cycling
Recommended as the first
test (before thermal cycling)
Disproportionation processes
may be observed
Tests may be performed at
constant temperature, and
then vary the pressure to
observe reproportionation
Reproportionation is achieved
under vacuum.

Extrinsic Method
• Impure gases may be used

Figure 261. Chart of hydrogen storage materials stability testing methods. 352
As shown above, cycling tests are comprised of: (a) Thermal Cycling (constant pressure),
(b) Pressure Cycling (constant temperature) and (c) Pressure-Temperature cycling,
referred to as P-T cycling in which both the pressure and temperature are varied, but
the volume of hydrogen added to the samples is fixed. P-T tests are important, for
example, in heat pump applications in which a certain volume of hydrogen gas is
transferred from a high pressure hydride to a low pressure chamber, and back and
forth. In cases where the fresh hydrogen needs to be recharged frequently, for example
in hydrogen powered vehicles, (extrinsic) pressure cycling tests are used. In these tests
one uses ultra high purity (UHP) hydrogen premixed with ppm levels of impurity gases
that are generally be encountered in modern hydrogen refueling stations.
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6.1 Pressure Cycling Tests
The most direct way to measure the Cycle-Life performance of hydrogen storage
materials is to perform a series of full absorption and full desorption measurements
with the material at one set temperature and with fixed charge and discharge pressures.
For hydride systems with a plateau, the charge pressure would be set above the plateau
and discharge pressure below the plateau. Such measurements can be made using
either volumetric or gravimetric instruments. However, because the measurements may
be performed over 10’s, 100’s or 1000’s of cycles, instrument stability over very long
periods of time is essential. For this reason, volumetric (manometric) instruments are
typically used. At its most basic level, this involves a sample cell of known volume, and
separate calibrated dosing volumes for absorption (smaller) and desorption (larger) with
a dosing valve between the dosing volume and sample cell. The amount of hydrogen
uptake or release of hydrogen is determined from the change of pressure measured
upon exposing the sample to high pressure (absorption: smaller calibration volume) or
low pressure (desorption: larger calibration volume).
This method has the advantage that fresh hydrogen gas is being used with each cycle,
which most closely represents real world applications. However, while this relatively
simple type of measurement provides a first look at the cyclic stability of reversible
hydrogen storage materials, it does not necessarily simulate how a material will actually
be used (for example in a hydrogen powered vehicle). Real world use in a vehicle will
have many partial discharge and refills and the hydrogen release will most likely vary
greatly with the demand and use of the vehicle. In other words, the material will
experience dormant periods, then be heated for delivery of hydrogen with varying
endothermic excursions from a steady state temperature. These delivery variations will
take place over relatively long periods of time. Charging, and the associated exothermic
release of heat combined with cooing are expected to occur in a matter of minutes on
refilling. Real world conditions will certainly be very different than initial simplified
Cycle-Life experiments based on a series of isothermal full absorption/desorption
cycling measurements. The cycling conditions themselves are likely to have a very
strong impact on the Cycle-Life characteristics of the material.

6.2 Pressure-Temperature Cycling Tests
Pressure-Temperature Cycle Tests are a step closer to actual application conditions.
These tests are performed in the same manner as pressure cycling measurements but
change the sample temperature as well as pressure on each absorption and desorption.
Page 521 of 579
Recommended Best Practices for the Characterization of Storage Properties of
Hydrogen Storage Materials: V3.34 Feb. 21, 2012

Section 5: Cycle-Life Measurements

For absorption the charging pressure is increased and temperature decreased to
conditions that would be found at a filling station. For desorption the pressure is
lowered and temperature increased to onboard hydrogen delivery conditions. As with
pressure cycling tests, fresh hydrogen is usually used with each cycle.

6.3 Thermal Cycling Tests
Pressure cycling, as described above, can be very time consuming and involves the
consumption of large amounts of gas and potentially the change out of gas cylinders
introducing the potential for unknown factors. For example, one assumes that all gas
cylinders are of consistently high purity, but this is not guaranteed. Also, when a gas
cylinder is removed and replaced with a new one, it is imperative that all lines, valves
and pressure regulators that have been exposed to air in the process are evacuated if
not at least thoroughly purged of air and impurities before continuing with the cycling
experiments.

Pressure cycling also involves the functioning of mechanical devices (valves) with each
cycle. While this is closer to real world applications, it may not necessarily be the most
efficient or effective way to get preliminary performance data. For this reason, CycleLife performance is sometimes characterized by thermal cycling. The advantage of this
method is in its simplicity and the (near) certainty that no gaseous impurities are
introduced with the hydrogen for more than just the first charging.

The basic measurement apparatus involves one (known) volume at a known
temperature connected to a sample cell of known volume and a pressure transducer to
record pressure changes on absorption and desorption. The sample cell is then heated
to release hydrogen and cooled to absorb hydrogen into and out of the calibration
volume. The gas is never changed and there are not necessarily any dosing valve
operated during the measurements. The sample is simply heated and cooled repetitively
and the amount of hydrogen released and absorbed is measured with each cycle.
Lambert et al. performed degradation tests on LaNi5 samples micro-alloyed with
different elements using such an apparatus. 353 A schematic of this apparatus is shown
in Figure 262. One (heated) vessel was filled with the sample and the other was an
attached vessel to receive or supply the volume of discharge or absorbed hydrogen. This
device had two different calibrated reservoir vessels (75 and 500 cc). The larger vessel
was used for samples with plateau pressure near 1 bar at room temperature the smaller
vessel was used for sample with much higher plateau pressures. This allowed for a
reasonably measureable pressure change on going from a fully hydrided to un-hydrided
state on both low and high plateau pressure samples.
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Figure 262. Thermal Cycling Apparatus: Heating cooling apparatus for long353
term thermal cycling.
Absent the effect of impurities, these tests are useful in examining the intrinsic
degradation of the storage material due to hydrogen uptake and release as well as due
to temperature changes and possibly induced thermal gradients.

6.4 Closed System vs. Fresh Gas Tests
The disadvantage of pure thermal cycling versus pressure, or pressure-temperature
cycling is that in thermal cycling the same gas is always used so the effect of impurities
that one finds in commercial hydrogen is not introduce in each cycle as it would be in
many real applications. However, extensive closed cycling does correspond to the
operation of hydrides in heat pumps and sorption cryocoolers, etc. 354 It also can be
significantly different from actual applications in that the hydrogen pressure is the
resulting equilibrium pressure rather than the applied pressures that would be found in
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an actual application. In the case of hydrides the pressure essentially follows the van ‘t
Hoff plot, so there is not the driving potential of a large over- or under- pressure applied
to the materials. This in itself, may have a considerably different impact on internal
stress, defect formation, and ultimately the Cycle-Life stability of hydrogen storage
materials as compared to pressure, or pressure-temperature cycling tests.
The advantage of this method is the simplicity and reliability of the measurement
system. It reduces the number of conditions, potential mechanical issues, and actual
operations involve. These are usually fully automated measurements that can be
performed for long periods of time without much operator intervention. An important
aspect is that it also quickly supplies base-line information about a material’s
performance without the introduction of additional factors such as gas impurities. These
measurements can then be compared with pressure, or pressure-temperature cycling
results (with and without controlled impurities) to get a clearer picture of what has the
strongest influence on a material’s storage properties degradation.

6.5 Aging Testing
The long-term stability tests using the above cycling methods are generally very lengthy.
To minimize the total experiment time and get a quick idea of property changes of
hydrides one can use Aging Tests. These are typically short-duration tests. While in
actual applications, charge/discharge cycling ideally takes place at near ambient
conditions (although, perhaps up to 200°C and 100 bar H2 pressure), in Aging Tests,
experiments are generally performed at considerably higher pressures and
temperatures to accelerate degradation processes.
Lambert et al. also performed thermal aging tests on substituted LaNi5 samples.353
About 12 grams of the intermetallic samples were ground and loaded into a sample
holder. The samples were first subjected to 10 activation cycles on a standard Sievert’s
apparatus and then absorption and desorption PCT isotherms were taken at 25°C. The
samples were then transferred to their thermal aging apparatus and heated to 180°C
and a pressure of 193 bar. The samples were held in this condition for 256 hours and the
pressure increase was monitored as an indication of the decrease in H/M content of the
hydride. A desorption PCT was then measured after the sample had been cooled to
25°C. A schematic diagram of their apparatus is shown in Figure 263. A metal-hydride
compressor with ultrapure hydrogen source was used to supply hydrogen pressures as
high as 207 bar to the sample.
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Figure 263. High pressure thermal aging apparatus.353
For hydrides, selection of the thermodynamic parameters for these tests depends on
the nature of isotherms. It is recommended that the aging be performed in fully
hydrided phase, above the plateau pressure. An age-testing pressure envelope is shown
in Figure 264. A pressure concentration parabola is drawn to encompass initiation and
completion of the two (α+β) phase region. In these aging tests the mid-plateau H/M is
determined, and the pressure and temperature are maintained near the top of the
parabola for faster response. The actual experimental conditions are generally, 10-25%
lower pressures than the apex of the parabola, depending on the nature of the
materials to be closer to the plateau pressure.
These tests may be classified as Short-Duration tests, conducted for 1 to 3 weeks to give
a reasonable idea of the hydriding behavior of the alloy/compound. By comparison,
detailed cycling tests may take several months. The situation will vary from alloy to
alloy, especially if the alloy results in an amorphous hydride. In some important
examples of such research, Aoki and Jai-Young Lee’s group have reported detailed
355,356,357,358
Note that it is a good
investigations of Laves-phase amorphous hydrides.
practice to check the phase diagrams, if available, of the alloys being studied to be
aware of any phase transitions of the parent metal/alloys, or hydride themselves that
may occur under such aging conditions.
The idea of these Short-Duration tests is to stress the material/hydrogen sorption
process in a way that extrapolates to the results that would be obtained by long-term
cycling. The basic purpose is to observe if any, and to what degree, hydrogen-storage
properties degradation has taken place. The process of aging is shown in Figure 264 in a
schematic using a pressure-composition isotherm (left) and pressure vs. time schematic
(right).
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An absorption isotherm is obtained (after initial activation cycles), and the sample
chamber is sealed at a temperature T1(oC) with β phase hydride at H/M =1. Then the
sample temperature is quickly increased to a temperature,T2, which is associated with a
pressure increase (and likewise a loss of hydrogen capacity, the magnitude of which
varies from alloy to alloy). After the sample achieves a temperature of T2, the aging
process starts as shown on the right in Figure 264. If the hydrogen pressure increases
over time, then the H/M in the sample also decreases as a function of time. The capacity
loss due to this aging process is an indicator of the degradation that might be expected
from hydrogen absorption / desorption cycling of the same material.

Figure 264. Thermal aging method is shown in the schematic. (Left) An
isotherm is generated at a temperature T1 until fully saturated in the β phase
(above the plateau pressure). The sample holder is sealed and the sample
heated to the aging temperature T2. Once the temperature is stabilized, then
sample is allowed to age for a certain period of time (Right). If there is
disproportionation, then the pressure rises and H/M decreases as function of
time.352
In general aging results are comparable with long-term cycling results. It is worth noting
however, that isotherm results after aging tests are similar but not exactly the same as
in long-term cycling tests for intermetallics, in particular for LaNi5, an example of this is
shown in the following section.353 An important exception to the ability of aging tests to
simulate the effects of cycling is in cases where there is compositional inhomogeneity of
the starting alloys or the alloy was not properly annealed. Aging will produce different
results as will later be demonstrated in the case of LaNi5 micro-alloyed with Al.
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In general, it is assumed that degradation due to disproportionation (the decomposition
of the alloy into more stable hydrides or alloys) results from cycling alone. However, it is
possible to achieve these results by simply subjecting the hydrides to static higher
hydrogen pressures than the isotherm plateau pressure for a particular temperature.359
This process is referred to as “Thermal Aging”. Sandrock et al. showed the
disproportionation of LaNi5H6 could be reversed through Reproportionation Aging (RPA)
by holding the sample under vacuum for a certain period of time, and then cooling it
down to room temperature. Isotherms of disproportionated and reproportionated
47
hydrides show dramatic changes.
Changes in the slopes and H/M capacities allow
some assessment of property changes under different conditions. They suggested that
significant disproportionation occurs only if the pressure is significantly above that of
the plateau pressure. In Figure 265, isotherms of LaNi5 were taken after aging at 136,
61, 10, atm, and under vacuum at 180oC. It can be seen that high-pressure aging leads to
sloping plateaus but when vacuum aged (annealed), one observed nearly flat plateau
and properties are more or less recovered. It should also be noted that there are some
reports of the restoration of hydriding properties by a different process involving
cycling. 360

Figure 265. Isotherms of LaNi5 taken at 25°C after subjecting to aging at high
and low hydrogen pressures. Note that the isotherm for vacuum aged sample
at 180°C is nearly (but not exactly) the same as the isotherm before aging
indicating full reproportionation of the LaNi5 hydride with a flat plateau after
vacuum aging.359
In the past, cycling and aging tests were not optimized based on first using this
aging/isotherm measurement approach. Pressures and temperatures were simply based
on extreme conditions rather selecting the best settings based on such data to
accelerate the aging process.
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6.6 Intrinsic Testing of Intermetallic Hydrides (Thermal, Pressure
and P-T Cycling Tests)
Intrinsic cycle testing of hydrides involves using the same gaseous hydrogen over and
over again with every absorption/desorption cycle. Pure hydrogen is typically used, but
it can be extended to industrial or laboratory hydrogen gas as long as the fresh gas is not
added at every cycle. These types of degradation studies are carried out for alloys or
intermetallic hydrides that are used for heat pumps and other applications, where the
same hydrogen is recycled back and forth. Using this degradation method, one can
examine the long-term intrinsic behavior of elemental, binary, ternary hydrides in the
absence of any gas impurity effects.
For these tests to be valid, it is clear that the apparatus used must be completely free of
leaks because the introduction of even ppm levels of impurities (air) nullifies the
assumption of purely intrinsic properties. This means that all components must be able
to withstand the pressure and temperature conditions of the cycle tests without leaking
(i.e. through thermal expansion of seals) or out-gassing at elevated temperatures. For
this reason metal-on-metal seals and hydrogen compatible metal components (i.e.,
constructed from 316L stainless steel) are highly recommended.

7

Matching Experimental Setup to the Measurement
Purpose

The three classes of measurements, fundamental mechanisms, materials development,
and system performance, require slight variation in the approach to measurements.
Studies to understand fundamental mechanisms impacting the Cycle-Life performance
of materials will require extra precision and care in measurements. The main
determinant is that no experimental artifact is introduced and miss-interpreted as a
mechanistic effect. The advantage of the Cycle-Life measurements for fundamental
studies is the repetitive nature of the cycling measurements and that generally only one
sample is being studied at a time. The key to success, however, is that the cycling
conditions must be identical with every cycle (absorption pressure, desorption pressure,
temperature, purity of the gas, and the time or, better, the hydrogen content).
Cycle-Life Measurements from a materials discovery and development perspective will
also require careful control to ensure absorption and desorption conditions are
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appropriate and consistent with not only with every cycle, but also with every sample.
It is essential that identical measurement conditions are always used to be able to
accurately compare the long-term performance of one material from another. This
includes identical temperature condition, sample sizes, identical gas purity. In addition,
since more than just the cycling stability will change with modifications to a material (e.g.
plateau pressure changes) it is very important to ensure that the cycling conditions are
comparable between materials. For hydrides, this will most-likely require certainty of
equilibrium pressures for all material and appropriate adjustments of charge and
discharge pressures with respect to the equilibrium pressure.
Typically, system performance measurements will be focused on a scaled-up
measurement that is large enough to accurately represent the behavior of the storage
material at a full application level. Generally speaking this would be 100 gm to 1 kg of
material. Such measurements will most likely concentrate on extrinsic changes in
storage bed properties, rather than intrinsic Cycle-Life property changes of the storage
materials. These include among other things changes with cycling of: heat transfer
during hydrogen uptake and release, local temperatures within the material test bed,
decrepitation and/or agglomeration of the materials, interlocking of grains and resulting
forces generated with material expansion, gas channeling effects, special variations in
hydrogen content, and ultimately the result of these effects on changes in capacity and
rates of hydrogen sorption and desorption at a system level. Once again, initial studies
designed to evaluate the impact of these issues should be performed with strictly
consistent conditions with every cycle. Once system level effects are well characterized
and then optimized, it would be appropriate to do system level cycling testing under
variable conditions such as, for example, those found in representative vehicle drive
cycle performance tests.

8 Experimental and Analysis Considerations
The typical approach in hydrogen storage research is to identify promising new
materials based on high hydrogen capacity and then work to improve their kinetic and
thermodynamic properties. In general, the last step has been to evaluate and improve
the cyclability of the materials. Ultimately, a material with great hydrogen storage
capacity, kinetics and thermodynamics may be of little use if these properties are not
maintained over tens, hundreds or even thousands of cycles. For this reason, accurate
Cycle-Life measurements are extremely important for the development of practical
hydrogen storage materials. The following are some considerations and caveats that
should be considered when making Cycle-Life measurements.
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8.1 Pretreatment / Activation
Hydrogen storage materials, in particular, physisorption storage materials almost always
require a pretreatment process to prepare the samples for optimal performance in
Cycle-Life testing. For physisorption materials, this generally means baking out the
sample at a specific temperature for a minimum of several hours to a day or more under
moderately high vacuum. The bake-out procedure will depend on the material being
studied. For example most carbon-based materials can withstand relatively high
temperatures (300°C or more), however, some MOFs will decompose at these
temperatures. Preliminary examination (e.g., XRD, IR, microscopy….) of samples before
and after a bake out procedure is vital to ensure that the bake-out conditions are
sufficient to remove residual contaminants and that the samples are not damaged by
the bake-out conditions. Care must always be taken after performing a bake-out to not
expose the sample to air or other contaminants, before preliminary examinations or
cycling measurements.

Activation is the process of the initial cycling of a material to reach the point of steadystate hydrogen uptake and release behavior. It is important to properly activate samples
to be able to study their long-term Cycle-Life performance. Activation is often required
in hydride hydrogen storage materials.

For classic hydrides, the activation process involves the initial decrepitation and
potentially surface segregation of the alloy and complete hydriding of all portions of the
sample. It is sometimes necessary to heat the alloy to elevated temperatures (up to
100°C above the desired Cycle-Life measurement temperature) and expose the sample
to hydrogen at high pressure. For example, depending on the preparation and degree of
exposure to air LaNi5 samples may will not completely hydride without performing a set
of charge (100 bar) and discharge (rough vacuum) at 100°C.

Initial cycling may involve other mechanisms than decrepitation or surface segregation
to completely activate hydrogen storage materials. An example of such an activation
process in cycling measurements on Sodium Alanate (NaAlH4) is shown in Figure 266.361
In this interesting case of non-reactive (TiO2) doping, the desorption rates were found to
be comparable with direct doping of 1 mol% TiCl3. The advantage of using nanoparticles
TiO2 is that there is no capacity loss due to the Na-halide reaction (forming NaCl and
excess Al) found when doping with TiCl3. The measurement points out the extreme
effect of activation on the measured desorption capacity. Had the measurement been
stopped after the first cycle or two, the material may have been disregarded as having
very little hydrogen storage capacity. On-the-other-hand, had long-term cycling been
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done without recording data in the first 20 cycles the activation process would have
been overlooked. In this case, it is believed that the activation properties have
something to do with increasing the dispersion or reduction of the TiO2. Such knowledge
is key in understanding the Ti-enhanced hydriding properties of the alanates and
methods to improve introduction of the Ti-dopants into the materials.

Figure 266. Hydrogen cycling of NaAlH4 (NaH + Al starting material) doped with
10 mol% of TiO2 nanoparticles. An activation process is observed in the first 20
cycles. Red: hydrogen desorption capacity, Gray: hydrogen charging pressure at
each cycle.

8.2 Preferred Experimental Procedures
The following is a few suggestions about specific experimental considerations that are
recommended to help improve the reliability of Cycle-Life measurements.
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8.2.1 Pressure-Temperature Cycling
1. Before starting cycling one should measure isotherms to define the pressure and
temperature range that are optimal for cycling.
2. In addition, from the time data of the isotherms or individual kinetics
measurements, kinetic data should be extracted and reviewed particularly near
the full capacity region. This will provide an idea of how many hours it takes to
absorb or desorbs the hydrogen at a particular temperature. It is suggested that
majority of the cycling should be performed at the temperature at which an
optimized isotherm is obtained; that is the temperature at which a complete
equilibrium isotherm can be collected in a reasonable amount of time for
convenience. Such kinetic data should be taken as a reference to determine
time and temperature for the cycling experiments.
3. In some case where the times are long for hydriding and dehydriding, it is
suggested that one does partial hydriding. In this case, the results may not be
indicative of the optimal performance of the material itself. However, when one
considers the typical real-world application of hydrogen-powered transportation,
a vehicle will be filled with hydrogen at a refilling station where the time to fill is
limited. Therefore, such curtailed Cycle-Life results are still meaningful even
when kinetics is slow. At issue is that if one attempts Cycle-Life measurements
that go to near completion at each cycle the experimental time for a reasonably
representative number of cycles will be prohibitively long and may take years to
complete. So, one must balance an acceptable level of accuracy with practical
measurement times. What is critical is that these issues and experimental
conditions are well documented in the presentation of results.
4. The above consideration with respect to kinetic effects is overcome in large part
by performing full (near equilibrium) isotherm measurements at several points
during the Cycle-Life experiments. These complete isotherms will provide a lot
more detailed and accurate performance properties of the materials than simple
capacity versus cycle plots.
5. Another factor to take into account is the amount of material used for cycling; it
should be small enough to avoid large thermal excursions such that even the
materials with slow kinetics can be tailored for the simulation experiment. And
large enough to provide accurate hydrogen uptake and release data. Depending
on the density of the material; 1 to 10 gram sample sizes are recommended.
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8.2.2 Thermal Aging
1. Thermal aging should be performed near the critical temperature that is
obtained from isotherm data at various temperatures. This is perhaps the fastest
method to perform aging experiments.
2. As with other types of cycling experiments, it is highly recommended to perform
full (near equilibrium) isotherm measurements at several points during the
thermal aging experiments (or at a minimum; before and after thermal aging).
These complete isotherms will provide a lot more detailed and accurate
performance properties of the materials than simple capacity versus cycle plots.
3. While it will be shown below that thermal aging is a good (and fast) substitute
for certain metal hydrides, it may not be appropriate for other materials.
Therefore, at least one set (but preferably several sets) of comparisons
measurements (P-T cycling and thermal aging) should be done on a
representative sample to ensure that thermal aging approach is appropriate.

8.3 Impact of Cycle Testing Parameters
When making Cycle-Life experiments, one has to choose a set of conditions or
parameters within which the cycles will be performed. It is vital that the results are
interpreted within the context of the conditions of the experiments. For example, in
doing automated cycling test, a condition must be met that switches the measurement
from absorption to desorption and again back to absorption portions of each cycle.
Typically, the parameter that is used is time. That is an absorption will be performed for
x number of minutes or hours and the subsequent desorption will be for y minutes or
hours (not necessarily the same amount of time). Data should then be considered within
the context of this parametric limit. Since the limit parameter is time, then it is
important to evaluate time-dependent properties such as the rates of absorption or
desorption. This is particularly true for materials that have slow kinetics and may or may
not reach true equilibrium conditions within a fixed amount of time.
Reversible Li-amides provide a good example. With respect to amides for hydrogen
storage, the initial publication on the reversible release and uptake of hydrogen
involving Li-amide, -imide, -hydride, and -nitride (Equation 244) opened up a whole new
class of light-weight materials for hydrogen storage. 362
Equation 244

LiNH2 + 2LiH ⇔ Li2NH + LiH + H2 ⇔ Li3N + 2H2

PCT absorption and desorption isotherm Measurements on the first portion of the
reaction (left part of Equation 244) were performed on these materials over several
cycles ranging in temperatures between 120°C and 160°C. 363 These measurements
demonstrated that these are still relatively high-temperature hydrides (Figure 267).
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Figure 267. PCT measurement of 11th hydrogen desorption cycle of LiNH2 with
LiH after partial absorption.363
Pressure versus time data collected during PCT dosing measurements of these materials
also showed that sorption kinetics are slow in these solid-phase reactions (Figure 268).

Figure 268. Approach to equilibrium during PCT measurements (previous
figure) of hydrogen desorption from the reaction of LiNH2 with LiH.363
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The development of amides for hydrogen storage was followed by Li/Mg-based amides
that were reversible at lower temperatures. 364,365 Advances on these materials focused
not only on the fundamental processes involved in hydrogen uptake and release but
also on practical investigations of the hydrogen storage properties of these materials. In
particular, Cycle-Life measurements were carried out to determine the performance of
these materials over long-term hydrogen cycling.363 The starting material was LiNH2 and
MgH2 mechanically milled together in a 2:1 ratio, in a tungsten-carbide vessel under
argon for 2 hours. Complete hydrogen absorption and desorption measurements were
made on an automated volumetric apparatus with the sample held at 200°C (Figure
269). Absorptions were at constant pressures of 83 and 103 bar. Desorptions were
made to a calibrated 2 liter vessel at 0.5 bar. Only desorption concentrations were
measured. Each individual desorption measurement lasted 15 hours. The absorption
measurements were initially set to 30 hours then reduced to 15 hours. However, the
capacity dropped off indicating that hydrogen absorption was not complete in the
shorter time period, so the absorption times were again increased to 30 hours. The
initial tests on Li-Mg-N-H system showed relatively stable cycling properties at 200°C:
0.1% capacity loss per cycle - estimate 500 cycles to 50% capacity loss.

Figure 269. Reversible hydrogen desorption capacity with cycling of Li-Mg-N-H
(charging constant pressure 69-83 bar, discharge to 0.5 bar, 200°C).363
An individual cycle shown in Figure 270 indicates the desorption kinetics were
reasonable at 200°C for the first portion of the hydrogen release (1.5 hours for 4 wt.%
hydrogen release). However, the kinetics taper off to a slower rate at later time.
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Figure 270. Hydrogen desorption cycle no. 20 for the Li-Mg-N-H system
(charging constant pressure ~100 bar, discharge to 0.5 bar , 200°C).363
However, a comparison of average desorption rates for the Li-Mg-N-H system (Figure
271) show some degradation of desorption rates with cycling (10-15% over 53 cycles).

Figure 271. Average hydrogen desorption rate to 3.0 and 3.5 wt.% for the LiMg-N-H system (charging constant pressure ~100 bar, discharge to 0.5 bar ,
200°C).363
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It is probable that absorption rates were also declining with cycling. For this reason, it is
important to understand that the capacity fade observed with fixed-time step cycling
may in fact be due to degradation in the absorption and desorption rates rather than a
degradation of the intrinsic hydrogen capacity of the material. That is, less and less
hydrogen was able to be absorbed and desorbed within a fixed period of time.

More recent cycling measurements were carried out on the same type of material for
270 cycles. 366 The cycling process again used fixed-cycle time. The results (Figure 272)
showed a similar drop in capacity (0.09% per cycle). However, only a third of this loss
could be accounted for by the evolution of NH3 (resulting in a loss of nitrogen and thus
capacity from the system). Test of exposure of these materials to humid air also did not
appear to have a significant impact on performance.

Figure 272. (2LiNH2 +MgH2) cycle test at 200 ◦C. The duration of sorption cycles
and capacity loss for each cycle are marked.366
The results of this study appear to confirm the above observation that when sorption
rates degrade with cycling, then a fixed-cycle time leads to a loss of capacity due to
increasingly incomplete sorption rather than an intrinsic loss of materials storage
capacity.
In Cycle-Life measurements, care should be taken to evaluate all of the measurement
conditions to avoid ascribing such an artifact of the experimental parameter settings to
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one material property (e.g. loss of capacity) when it may be due to another material
property (reduction in kinetics).
The ideal situation in such cycling measurements would be to be able to wait until a true
(or close to true) equilibrium condition is achieved in each cycle. But with materials such
as these amides, that have relatively poor kinetics, such a measurement would take an
unreasonably long amount of time.
A good approach would be to make a very long term absorption and desorption
measurement near the beginning of cycling (cycle 10 or so) and at the completion of
cycling and to compare the capacity and rates of these initial and final measurements.
Even better would be to perform a complete set of absorption and desorption PCT
isotherm measurements near the beginning of cycling (cycle 10 or so) and at the
completion of cycling. Then to compare plateau capacities (and shape) at the beginning
and after many cycles.

9 Examples Cycle-Life Measurements
9.1 Examples of Intrinsic Cycling Measurements
9.1.1 Pressure Cycling of Classic Hydrides
LaNi5H6 is the classic example of a room-temperature ambient-pressure reversible
hydride. Its discovery has lead to important commercial applications, most notably the
billion-dollar Nickel-Metal-Hydride rechargeable battery industry. For this and other
applications the cyclic stability of hydride is critical for commercial viability. For this
reason, the Cycle-Life properties of LaNi5 and alloys of this intermetallic compound have
been some of the most extensively studied. In the following we present some
representative cycling studies that have been performed on LaNi5.
To start with, a classic example of a room temperature isotherm of LaNi5 measured by
Lundin and Lynch is shown in Figure 273(a). 367,368 They also obtained high temperature
isotherms and derived the van ‘t Hoff Plots for both absorption and desorption Figure
273(b); both the absorption and desorption plots are shown. Also an inset of the crystal
structure of LaNi5 P6/mmm and the 5-site model of the LaNi5H6 are included in Figure
273(a), taken from Percheron-Guegan, Lartigue, and Achard.369,370
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Figure 273. (a) Room temperature isotherm of the classic LaNi5, (b) van ’t Hoff
367,368
plot of LaNi5 obtained from the isotherms taken at many temperatures
(a-bottom) Hexagonal Structure of LaNi5H6.369,370
Various Cycle-Life tests on LaNi5 intermetallic hydrides began in the 1980’s and were
typically volumetric pressure-cycling measurements. Cycling tests for durability of the
were conducted by Cohen et al., in 1980, who reported 75% of the hydrides
disproportioned to LaH2 after 1500 cycles. 371 , 372 In 1983, Goodell and Rudman,
reported loss of 27% after 1500 thermal cycles on LaNi5, and they reported about 75%
123
conversion to LaH2 due to disproportionation in these intrinsic tests. Also in 1983,
Gamo et al. reported 60% loss of capacity after 3500 pressure cycles (with 99.9% purity
hydrogen introduced every cycle). 373 Later, J.Y. Lee et al. showed a loss of 62% of the
hydrogen capacity in LaNi5 after 3500 cycles. 374 Unlike all of these other volumetric
(manometric) measurements, in 1989, Benham and Ross performed Cycle-Life
375
measurements on LaNi5 using a gravimetric measurement method. Uchida reported
x-ray line profile analyses after 3300 hydriding/dehydriding on LaNi5 hydride to study
particles and other structural details. Josephy et al. 376 performed line broadening
analyses on LaNi5 hydrides that were cycled 45,000 times and reported little change in
microstrain before and after cycling; they attributed the reported loss of capacity due
extrinsic deterioration by oxygen of the particles. 377 This was followed by a study by
Chandra and Lynch in 1989, on the detailed thermodynamic and structural tests on four
different variants of LaNix-5Mx. 378
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9.1.2 Pressure Cycling of Physisorption Materials
The cycling durability of physisorption materials is equally important as that of hydrides,
but few studies have been performed on these materials. In much the same vein as
hydrides, physisorption materials might be subject to both intrinsic (structural
degradation) and extrinsic (reduced capacity due to impurities in the hydrogen) effects.
Possible long-term degradation requires extensive hydrogen cycling studies on
physisorption materials under a variety of conditions, including exposure to impurities in
the gas stream.
One example of physisorption P/T cycling is a set of high-pressure absorption/
desorption measurements performed at 77K on the MOF Zn(bdc)(ted)0.5. 379 For cycle
capacity, an adsorption/desorption isotherm was measured up to pressures of 40 bar.
The highest capacity point (saturation) in the every adsorption isotherm was taken to
represent each cycle. No out-gassing was conducted between the cycles. The initial
hydrogen uptake value of this material was 4.00 wt.%. A separate measurement on the
same material confirmed good reproducibility of the measurement with a capacity of
4.06 wt.%. No severe capacity drop was observed up to 30 cycles and 98% of initial
capacity was maintained.

Figure 274. High pressure hydrogen physisorption capacity on MOF
Zn(bdc)(ted)0.5 at 77 K as a function of the number of adsorption/desorption
cycles. Each cycle is a set of adsorption-desorption isotherm. Each point
represent maximum uptake (% of full capacity) of the associated adsorption
isotherm.379
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9.1.3 Thermal Cycling of Classic Hydrides
One mechanism for the loss in capacity with cycling is the partial disproportionation of
the intermetallic or alloy into its elemental components with each cycle.
Disproportionation of intermetallics is indicated by the changes in the shape of the
isotherms and associated loss in the hydrogen capacity. This phenomenon may be
attributed to short range diffusion of the atoms, increased thermodynamic stability of
one of the elemental species to form an elemental hydride, and dissociation of the nonhydride forming second atom as a metal. It is not always the case that binary
intermetallic hydrides dissociate into elemental hydrides. Many variants of AB5 and AB
alloys that have been used for hydrogen storage applications over the years (mainly
LaNi5 and FeTi type hydrides) do exhibit a propensity for disproportionation. For
example, at the start LaNi5+3H2→LaNi5H6, but after cycling (or also aging at high
pressures), disproportionation may occur according to the equation: LaNi5H6 → LaH2+
5Ni +2H2.
In 1992, Lambert et al. performed degradation tests on LaNi5 samples micro-alloyed
with different elements.353 In these experiments, Ni was substituted by In or Sn, or La
was substituted by Gd. P-T type intrinsic thermal cycling tests were performed on
LaNi5.2, LaNi4.8In0.2, LaNi4.8Sn0.2 and La0.9Gd0.1Ni5. A simple closed system device
consisting of two vessels was used to make the measurements (See Figure 262 above).
In these cycling tests the sample was heated from 24oC to 125oC, with corresponding
nominal pressures of 1.6 and 5.03 atmospheres during the heating cycle and then the
reverse upon cooling. Each complete cycle lasted one hour.

A typical intrinsic P-T thermal cycle obtained from LaNi4.8Sn0.2 hydride is presented in
Figure 275. This dynamic plot of log pressure vs. inverse temperature (in time) has the
same axis as a van ‘t Hoff plot and, therefore may be plotted against iso-concentration
equilibrium van ‘t Hoff data if available.
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Figure 275. A typical cycle for LaNi4.8Sn0.2 by heating in closed system from
room temperature to 125°C and cycled between saturated conditions to
depleted conditions. This is shown as high pressures below equilibrium
(saturated) and low pressures above equilibrium (depleted) where lines A and
B are the absorption – desorption equilibrium pressures respectively.353

In this extensive study by Lambert et al., several thousand hydrogen sorption cycles
were performed on several classic hydrides for prolonged time using the test method
described in detail in their paper.353 One example of these cycling measurements is
shown in Figure 276 for an off-stoichiometric alloy (LaNi5.2).353 Isotherms were taken
(by removing the sample from the cycling apparatus and then attaching it to the
Sievert’s apparatus. This was done after an initial 10 activation cycles, as well as after
1500 and 10000 P-T cycles. It can be seen that there is a significant loss of hydrogen
capacity after many cycles and the plateau eventually exhibits a severe slope.
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Figure 276. Isotherm of LaNi5.2 taken at 25°C after intrinsic P-T cycling for 10
353
(activation), 1500, 10,000 times showing severe degradation of this hydride.

By comparison, similar intrinsically P-T cycling measurements on a Sn-substituted alloy
(LaNi4.8Sn0.2) showed very little loss in hydrogen capacity, even after 10,000 cycles. In
addition, the pressure plateau does not develop a significant slope (Figure 277a).
Whereas, a La-substituted alloy, La0.9Gd0.1Ni5, showed a severe loss of capacity and
sloping plateau after the same number of cycles (Figure 277b). Further details on x-ray
diffraction patterns, domain size determination, microstrain, before and after thermal
cycling for both the hydrides can be found in Lambert et al.353 and Chandra et al.378
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Figure 277. Isotherms of (a) LaNi0.8Sn0.2 and (b) La0.9Gd0.1Ni5 taken at 25°C,
before and after P-T intrinsic cycling for 1500 and 10,000 times showing
virtually no loss in hydrogen capacity in the case of LaNi0.8Sn0.2, and extensive
353
loss for La0.9Gd0.1Ni5 after prolonged cycling.

The dramatic degradation in storage properties was interpreted as being caused by the
disproportionation of La0.9Gd0.1Ni5 due to substitution of Gd for La. However, in the
context of making Cycle-Life measurements, it should be noted that, in these
experiments, the cycling pressure for LaNi4.8Sn0.2 was lower than those of the
La0.9Gd0.1Ni5. From an experimental point of view, it may be possible that higher
maximum cycling pressures (as compared to LaNi4.8Sn0.2) may have actually had a strong
impact on the stability of the alloy. Such effects have been demonstrated by Sandrock et
al. as was shown earlier (see Figure 265).359
In contrast, Dantzer showed no loss of hydrogen capacity in LaNi5H6 after P-T intrinsic
cycling between 25o and 80oC. 380 The take-home-message from these examples is that
a detailed knowledge of long-term cycling and/or thermal aging behavior of hydrides is
absolutely critical for the develop practical solid-state hydrogen storage systems.

9.1.4 Thermal Aging Tests on Classic Hydrides
The “Aging Tests” tests are relatively fast for AB5 hydrides. They can be used to quickly
give a rough idea of the changed thermodynamic properties that would be expected
from long term cycling.
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(b)

(c)

(d)

Figure 278. Comparison of LaNi0.8Sn0.2 isotherms after: (a) thermal cycling and
(b) thermal aging (180°C at 29.6 atm) experiments. Comparison of La0.9Gd0.1Ni5
isotherms after: (c) thermal cycling and (d) thermal aging (180°C at 190.7 atm)
experiments. The time taken for cycling several months, where as time taken
for aging is ~2 weeks), yet the results are nearly the same. Note that the
cycling/aging apparatuses are different form the Sievert’s apparatus used to
obtain the isotherms.353

As an example, aging tests were performed on LaNi4.8Sn0.2, using a sample from the
same batch as used for the cycling results shown in Figure 277(a).353 The thermal aging
process was performed using the method and apparatus described above (section 6.5 ).
Isotherms were taken at 25oC, before and after the intrinsic thermal aging process. The
results, as shown in Figure 278(a) are similar to those of intrinsic P-T cycling Figure
278(b). Thermally aged La0.9Gd0.1Ni5 hydride also exhibited somewhat similar isotherms
to those obtained after intrinsic P-T cycling (Figure 278(c and d)).
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9.2 Examples of Extrinsic Cycling Measurements
An example of an extrinsic pressure cycling measurement taken at the University of
Nevada, Reno is shown in Figure 279(a). This figure shows 250 extrinsic pressure cycles
(charging with fresh gas with each cycle) performed on a complex hydride (between
Li2NH ⇔ LiNH2). The hydrogen gas was used was a special mixture of UHP hydrogen
containing 100 ppm CH4 impurity. Figure 279(b) shows one complete hydriding and
dehydriding cycle. Hydrogen gas desorption occurred from point A to B performed by
active vacuum pumping.
The measurement included a check for complete
transformation of the LiNH2 phase to Li2NH (shown in the expanded view of Figure 279
(c)). This was done by closing the vacuum and measuring any residual increase in the
sample chamber pressure. If a certain level of residual pressure was reached, the
sample was then pumped on for another fixed period of time. This process continued
until pre-determined lower level of residual pressure was achieved. After this the next
hydrogenation cycle began as shown in Figure 279 (b).

Figure 279. (a) Example plot of pressure cycling; partial view of the pressure vs.
time is shown. (b) One dehydriding and one hydriding cycle is shown; (c)
details of the dehydriding cycle from A to B. 381
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9.2.1 Pressure Cycling with Impurities on Classic Hydrides
There have been relatively few studies performed on extrinsic cycling of classic metal
hydrides. A good example of early extrinsic testing on hydrides was reported by
Sandrock and Goodell in 1984.127 They described the effect of impurities on classic AB5
and AB hydrides by the introduction of small amounts of gaseous CO, CO2, CH4, C2H4,
N2, NH3, H2S and CH3SH (methyl mercaptan) in the hydrogen test gas. In their
experiments, samples were prepared as thin (1.5 mm) compressed powder disks for
better heat transfer. They first activated the alloy disk samples at room temperature
using purified hydrogen. This was followed by extrinsic cycling of the samples with
hydrogen containing pre-determined levels (parts per thousands) of an impurity. The
majority of the impurity tests were performed at 25o and 85oC. It is important to
mention that cycle time was 30 minutes in total with 15 minutes each for absorption
and desorption. Some of the results for LaNi5 are presented as hydrogen absorption vs.
time at various cycles were presented earlier in Figure 260.

Alloy surface poisoning with gaseous impurities in hydrogen has profound effects on the
hydriding properties and is highly dependent on the surface structure of the alloys or
382
compounds. Thus, surface poisoning or contamination of metal hydrides is a very
important research issue. Surface poisoning may be initiated with small amounts of
impurities in hydrogen and is a rather complex problem. The resistance to degradation
of surface properties due to impurities needs to be evaluated for different alloys.

Examples of surface contamination, with 300 ppm of H2O, O2, and CO in H2 gas, on
382
Although the impurity
Fe0.85Mn0.15Ti and LaNi5 hydrides are shown in Figure 280.
quantities are small, they have profound effects on the surface catalytic properties and,
by consequence, the long-term cycling performance. In LaNi5 and Fe-Ti type hydrides,
there is propensity to form La2O3, La(OH) 3 or TiOx when trace levels of O2 is adsorbed on
the surface. The heat of formation of La2O3 is very high (-1277 kJ/mol) compared to that
of TiO2 (–913 kJ/mol). The most notable difference between the two alloys is that the
O2 and H2O surface contaminated Fe0.85Mn0.15Ti hydrides do not recover with cycling
(Figure 280a) while the LaNi5 hydride does recover after about 10 cycles (Figure 280b).
In contrast, carbon monoxide contamination is very severe both in the case of LaNi5, and
Fe0.85Mn0.15Ti alloys (Figure 280). It has been postulated that for LaNi5, CO gas reacts
with the surface to form a Ni(CO)4 layer. 383 To summarize, LaNi5 is resistant to extrinsic
impurities such as O2 and H2O, but not CO gas. The (Fe, Mn)Ti alloys, on the other hand,
are generally not resistant any of these impurities and only slightly more resistant to CO
poisoning than LaNi5.
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Figure 280. High temperature and Pressure isothermal cycling using impure
hydrogen: Extrinsic cyclic response of (a) FeO.85Mn0.15Ti0.5 (hydrogen cycle at
25°C, 69 → 634 → 69 kPa) and (b) LaNi5, (0.5 hour cycle at 25°C, 69 → 276 →
69 kPa).382
9.2.2 Pressure Cycling with Impurities on Complex Hydrides
Impurities in hydrogen are detrimental for prolonged cycling in PEM fuel cell
application; especially hydrocarbons that lead to the formation of CO as well as
ammonia and sulfur containing compounds. The impurities may originate from the
hydrogen gas supply (and consequently damage storage materials as well the fuel cell),
or the impurities may come from out gassing or decomposition of the hydrogen storage
materials. In general, fresh charges of hydrogen (with ppm or ppb impurity) at every
cycle will degradade the hydrides and eventual loss of hydrogen absorption capacity.
Sandrock et al. pointed out that the high levels of gaseous impurities were found in the
complex hydride sodium alanate prepared through solvent methods and with the
121,120
Sandrock reported Dry-TiCl3 catalyzed Naaddition of organo-metallic Ti-dopants.
Al hydrides did not evolve any impurity gas during reactions.121 Gross et al. reported
that the hydrogen capacities were lowered to 3 wt. % using liquid catalysts (both
absorption and desorption). 384 They also performed in-situ x-ray diffraction
measurements and showed that the low hydrogen capacity was mainly due to inability
to completely recharge to a composition of 100% NaAlH4.385 Most significantly, Gross et
al. demonstrated that the alanates could be easily synthesized without any wet
chemical processes or precursors from NaH, Al and TiCl3.386 The advantage, in this case,
is that the hydrogen storage material is completely solvent free and will not outgas
impurities with the stored hydrogen. An important distinction between the alanates and
classic hydrides becomes apparent from these latter studies: Namely, that the hydrogen
storage performance of these materials themselves is relatively impervious to the
presence of impurities at levels that would generally render classic hydrides inoperable.
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9.2.3 Pressure Cycling with Impurities on Imide/Amides
Li amide-imide pressure cycling data is presented here as an example of Extrinsic Cycling
measurements (fresh hydrogen with controlled gaseous impurities). Chandra et al.
examined the effect of long-term pressure cycling of the Li-N-H system using industrial
hydrogen containing known concentrations of impurities (Hydrogen min % (v/v) 99%,
Water~32 ppm, O2~10ppm, N2~400 ppm, Total Hydrocarbons: 10 ppm, CO2~10 ppm,
CO~10 ppm, argon may be present, reads as oxygen). 387 In this study, the material was
subjected to one hour hydriding-dehydriding cycles (30 minutes each) with maximum
pressure of 2 bar fresh industrial hydrogen at every cycle and exposing the sample to
vacuum for the desorption half cycle. The results of the measurements are shown in
Figure 281. The left figure (a) presents isotherms of the hydriding transition between
Li2NH and LiNH2 taken after the indicated number of cycles. A loss of 2.53 wt.% out of
5.6 wt.% stored hydrogen was observed after 1100 pressure cycles. It is noteworthy that
the capacity drops to about 50% of its initial capacity after the first 500 cycles, followed
by very little further loss in capacity out to 1100 cycles.

Figure 281. (a). Absorption isotherms of Li-amide obtained after nonequilibrium pressure cycling for 1, 56, 163, 501, 1100 times with impure
hydrogen (ppm levels of O2, H2O and others). (b) Corresponding ex-situ X-ray
diffraction taken from the sample after each isotherm was obtained in
desorbed condition.387
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X-ray diffraction measurement after the corresponding (isotherms (a)) desorption cycles
are shown in Figure 281 (b). An analysis of the X-ray diffraction data demonstrated that,
in desorbed state, the sample was composed mainly of Li2NH, LiH, and Li2O phases. The
XRD results showed nearly complete transition from LiNH2 → Li2NH with the expected
presence of LiH and, in addition, the impurity phase (Li2O). After 1100 pressure cycles,
the LiH phase increases from 11 wt% to 58 wt%, and the Li2NH phase decreases from
82wt% to 13 wt%. The decrease in amount of Li2NH can be observed in the Bragg peak
at 30.5o of the XRD patterns. The impurity Li2O phase increased from 7 wt% to 29 wt%
after 1100 cycles. These measurements clearly indicate that the decrease in the imide
Li2NH is due to the formation of Li2O and stable LiH due to oxygen and water impurities
in the hydrogen supply.

As a follow up, the same materials were investigated using the Intrinsic Thermal Aging
method. A sample of Li2NH was hydrided with 100ppm of CO in UHP hydrogen and held
for approximately 240 hours at 12 bar and 325 oC. The isotherms obtained before and
after aging did not show any significant change. As with the alanates, it appears that the
behavior of these complex hydrides is quite different than those of the classic hydrides,
as thermal aging with contaminants does not impact material performance and, in
contrast, oxides (e.g. Li2O) are not readily reduced back to the parent phases under
387
reasonable thermodynamic conditions.

10 Summary of Cycle-Life Measurements
Classification of testing methods for durability of alloys/intermetallic are presented,
examples of intrinsic and extrinsic tests that include Cycling and Aging have been for
AB5/AB, and an elemental vanadium hydride. More recent results on extrinsic tests on
light weight complex hydrides (imide-amide) that were cycled between Li2NH / LiNH2
phases are also reported. In general, there is reasonable amount of intrinsic data
available, but extrinsic data is lacking; more research is need for the hydrides to be used
in practical applications.
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Summary

Summary
It is our intent that this overview of fundamental processes and measurement
considerations will aid research and development of new and better hydrogen storage
materials. In particular we hope to have clarified some of the recommended practices
and caveats in performing high-quality experiments to measure the hydrogen sorption
and desorption kinetics properties of advanced materials.
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