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ABSTRACT

The efficiency for any solar-to-hydrogen conversion process is particularly important because an
area of land must be covered to collect the sunlight. Any efficiency losses in the system must be
made up by an increase in the collector area. This will ultimately have a significant impact on
the overall cost and siting ability of such a system. Section one of this report will explore the
efficiency gains from a direct conversion system as compared to a separated PV/electrolysis
system. Section two will discuss our results looking at the catalysis of hydrogen production on
semiconductor electrodes.

EFFICIENCY OF PEC SYSTEMS

The energy efficiency of electrolysis can generally be defined as the chemical potential of
hydrogen divided by the voltage required for electrolysis operation [1]. At the normal operating
current density of commercial electrolyzers (~1 A/lcm?), this voltage ranges from 1.8—2.0 volts.
Thus, an electrolyzer operating at 1.9 volts operates with an energy efficiency of 65% (1.23/1.9).
Combining this electrolysis efficiency with a 12% PV array efficiency gives a solar-to-hydrogen
efficiency of 7.8%. To increase the overall solar-to-hydrogen efficiency, the energy efficiency of
electrolysis must be increased; thus, one must operate at a lower voltage. This requires better
catalysts (particularly on the oxygen side), or a decrease in the current density (which results in
a decrease in the rate of hydrogen production). Maintaining the rate of hydrogen production
while reducing the current density could be done by increasing the area of the electrodes (or
adding more electrolyzers), but costs would increase due to an increase in the amount of
material used for the electrolyzer.

A photoelectrochemical (PEC) system combines the harvesting of solar energy with the
electrolysis of water [2]. Depending on the type of semiconductor material and the solar
intensity, the current density for electrolysis with a PEC system is 10-30 mA/cm®. Figure 1
presents a current-voltage curve for water splitting in an electrochemical cell consisting of two Pt
electrodes of identical area. At a current density similar to short-circuit photocurrent from a solar
cell, hydrogen and oxygen generation is achieved at an effective applied voltage of
approximately 1.35 V, giving rise to an electrolysis efficiency of 91% [3]. One of the major
advantages then of a direct conversion photoelectrochemical system is that the area available
for electrolysis approximates that of the solar cell. A PEC hydrogen generation system not only
eliminates most of the costs of the electrolyzer, but it also has the possibility of increasing the
overall efficiency of the process leading to a further decrease in costs. Note, although this
experiment was done with Pt electrodes, at this current density, less expensive nickel and metal
oxide electrodes could be used with similar results.



We have previously shown a high solar-to-hydrogen PEC conversion device [4], but problems of
semiconductor stability, and interfacial kinetics, make it difficult to quantify the efficiency gains
from such a PEC system. For this work, we used an integrated PV/electrolysis design to
emulate a PEC system. Unlike a direct-conversion PEC system, an integrated PV/electrolysis
system has separated PV and electrolyzer parts. However, for an integrated system, the area of
the electrolyzer system is identical to the area of the PV collector. These integrated systems
allow us to study the issues involving the effects of current density, solar intensity variability, and
light concentration on the overall efficiency for hydrogen production. In this study, we utilized an
integrated PV/electrolysis design based on a low-cost amorphous silicon (a-Si). multijunction
device. This cell is capable of generating a voltage sufficient for water splitting, and we note that
its lower system cost, combined with the good efficiency, represents an important area of
research for integrated hydrogen production systems. It is demonstrated that this monolithic
PV/electrolysis configuration can lead to a higher solar-to-hydrogen conversion efficiency than
coupled systems involving electrolyzers and photovoltaic solar cells alone.

For an integrated PV/electrolysis configuration to work properly, the solar cell must provide
sufficient voltage to drive the water redox reactions, and also provide any additional voltage
needed to overcome the overvoltage losses resulting from the hydrogen and oxygen evolution
reactions. The total output photovoltage must include the thermodynamics for water splitting
(1.23 volts at 25°C), polarization losses h, and h., for the anodic and cathodic processes
respectively, and the IR potential drop in the bulk of electrolyte, which can be significant when
gas evolution occurs. A multijunction integrated PV/electrolysis configuration comprises either a
tandem (or triple) pn-pn/metal/electrolyte cell, with water reduction occurring at the back-
contact/electrolyte interface, and oxidation occurring at the electrolyte/counter electrode (anode)
interface, or alternately, a tandem np-np/metal/electrolyte cell with water oxidation occurring at
the back-contact/electrolyte interface and reduction occurring at the electrolyte/counter
electrode (cathode) interface. Figure 2 shows the power curve for the triple junction p-i-n a-Si
solar cell under 100 mW/cm? illumination, clearly indicating its ability to provide sufficient
voltage for water splitting. Figure 3 shows the bias-voltage dependence of the photocurrent
(hydrogen production) for a triple-junction a-Si(Pt)/2M KOH/Pt cell. The bias-voltage
characteristics are consistent with that expected from the current-voltage characteristics shown
in Figures 1 and 2. For the triple-junction a-Si(Pt)/2M KOH/Pt cells, the light-limited current was
reached approximately at zero bias. Operated at zero bias, with shorted electrodes, the cell
generated hydrogen and oxygen.

In operation, an ideal integrated PV/electrolysis system would operate under short-circuit
conditions. For such configuration, the efficiency for hydrogen production can be calculated
using the equation: efficiency = (power out)/(power in). The input power is the incident light
intensity of 100 mW/cm?.  For the output power, assuming 100% photocurrent electrolysis
efficiency, the hydrogen production photocurrent is multiplied by 1.23 volts, the ideal fuel cell
limit at 25 °C (lower heating value [LHV] of hydrogen). Using this calculatation, our experimental
results for the hydrogen production efficiency for the triple junction a-Si(Pt)/2M KOH/Pt it is:

1.23Ve6.4mA/cm?/100mW/cm?=7.8%.

The value for the a-Si system is significant in that this efficiency is realized by a PV cell with only
a 9% solar-to-electrical efficiency. Because of the lower current density, this system is
performing water electrolysis with an equivalent efficiency of 86% (effective electrolysis voltage
of 1.42 volts [LHV]). This means that the maximum operating voltage of the a-Si PV cell is close
to that required for electrolysis.



To maximize solar-to-hydrogen efficiency of the PV/electrolysis system operating at short circuit
condition, a multijunction photovoltaic cell should be specifically designed to match electrical
parameters for water splitting. For any direct solar-to-hydrogen conversion system, the
maximum voltage that can be used in an efficiency calculation is fixed by the chemical potential
of hydrogen. In order to increase the conversion efficiency, the current (and therefore the rate of
production of hydrogen) must be increased. The ideal system would reach maximum power at
less than 1.6 V, and a current density more than 20 mA/cm?. Although the solar-to-electrical
conversion efficiency of such cell would be less, the solar-to-hydrogen efficiency of the
integrated PV/electrolysis system (and an analogous PEC system) would benefit.

CATALYSIS FOR THE PHOTOELECTROCHEMICAL PRODUCTION OF HYDROGEN

For a practical, stable and efficient semiconductor based water splitting system, four criteria
must be simultaneously satisfied. The bandgap of the semiconductor must be greater than 1.7
eV, the band edges of the semiconductor must overlap the H/H,O and O,/H,O redox potentials
under H,/O, evolution condition and charge transfer across the semiconductor-liquid interface
should be fast (Fig. 4). In addition, the semiconductor surface should be chemically stable in
the aqueous media.

Although p-type GalnP, with a bandgap of 1.8-1.9 eV has been identified as a promising
photocathode for water splitting, its band edges are 0.2-0.4 V too negative to effect
photoelectrolysis.[5-7] Electrochemical investigations of GalnP, in aqueous media have found
that the semiconductor surface is unstable and susceptible to corrosion [8]. Furthermore, it is
not known if the charge transfer rate from p-GalnP, to water under illumination is sufficiently
high or if this rate can be further catalyzed.

At present, there is no information on the energetic position of the band edges or on the kinetics
of charge transfer at the p-GalnP/water interface under illumination i.e. under conditions of H
evolution. Several impedance measurements in the literature have previously reported that
band edges of semiconductors are not fixed and are prone to migration under illumination [9-
19]. These changes in flatband potential under illumination have been interpreted to indicate
evidence of surface effects such as charge trapping, adsorption or changes in the surface
chemistry. The band edge positions are also known to be strongly affected by interfacial
kinetics under illumination [13,15]. Increased band edge migration as a result of illumination
has been observed for interfaces with poor interfacial charge transfer ability and this migration
has been suppressed by treating the semiconductor surfaces with transition metal catalysts
[14,20].

In this report, we describe our work on evaluating the effect of interfacial kinetics on the band
edge positions of the p-GalnP,/water interface under illumination i.e. under conditions of H
evolution. In addition, we describe the results of C-V and I-V measurements on p-GalnP,
surfaces modified with transition metal ions to evaluate their effectiveness as reagents for
inducing band edge shifts in the dark and as electrocatalysts for suppressing band edge
migration under illumination. In this study, the flow of photogenerated cathodic current at the
semiconductor surface under illumination corresponds to generation of hydrogen from
photoelectrolysis of water.

Note: A semiconductor surface treatment such as the adsorption of a transition metal ion, can
have two distinct effects on the energetics of the interface. Due to change of net charge in the
Helmholtz layer, adsorption of a transition metal as a charged species (ion) on the



semiconductor surface can change the band edge position relative to the band edge position for
an underivatized surface - in the dark. This effect is referred to as band edge "shift" or flatband
"shift" in this paper. On the other hand, the measured band edge position vs. a solution
reference can also move as a result of illumination due to accumulation of photogenerated
charges at the interface. This movement is not due to a change in the charge in the Helmholtz
region. lIts extent is determined by the level of illumination at the semiconductor surface and the
interfacial charge transfer kinetics. This movement can be suppressed if the transition metal
species acts as an electrocatalyst and catalyses charge transfer across the interface, thereby
reducing the accumulation of charge at the interface. In this report, the movement of band
edges due to photoelectron accumulation is referred to as "migration”. In measuring the
"migration” effect, the band edge position of a surface under a given level of illumination is
compared with the band edge position for the same surface in the dark. Although both of these
effects have been individually described in the literature as "shifts" of band edges, [9-19] we
have used the terms "shift" and "migration” in this paper to distinguish between the two.

Impedance Data Analysis - A detailed impedance analysis of the p-GalnP,/water system in the
dark has been previously reported, in which capacitance data in the frequency range 500 < f <
10° Hz, was attributed to the space charge layer of the semiconductor [7]. For the purpose of
this study the series RC circuit (Scheme I) where Rg is the series resistance of the circuit and
Csc is the capacitance of the space charge region, was deemed as the simplest circuit that
could adequately describe the trends in the movement of the flatband potential under
ilumination [21]. The slope and x-axis intercept of the Mott-Schottky plots were used to
determine dopant density and the flatband potentials respectively.

Scheme |

Flatband potentials of etched p-GalnP,/water interfaces - Figure 5 shows representative Mott-
Schottky plots for etched p-GalnP, electrodes immersed in 0.20 M K,SO, solutions of pH 1, 7
and 13. Data collected at each pH in the dark and compared to that under illumination show a
negative migration of the flatband potential with increasing levels of light intensity. Figure 6a
shows the corresponding flatband potentials calculated from similar Mott-Schottky plots for five
different pH values, and the associated shifts from increased illumination. The curves for pH 1
and 13 were measured in unbuffered solutions of 0.20 M K,SO,, which were made acidic or
basic using the necessary amount of H,SO, or KOH, respectively. The curves for pH 4, 7 and
10 were measured in commercial phthalate (pH 4), phosphate (pH 7) and carbonate (pH 10)
buffer solutions.

Figure 6b shows the same data as the net migration of the flatband potentials measured vs. the
values observed in the dark. It is seen that even at low levels of illumination e.g. ~0.1 mA/cm2,
the GalnP, flatband potentials (band edges) move up to 0.3 V negative as compared to their
positions in the dark. As the level of illumination is increased the negative migration of the band
edges becomes more pronounced with values reaching almost one volt for some pHs at current
densities of around 10 mA/cm?.



Effect of transition-metal ions on the flatband potential of p-GalnP./water interface under
illumination - Figure 7 shows Mott-Schottky plots for an untreated and a Ru'"-treated p- GalnP;
surface, measured in the dark and under increasing illumination intensity in 3 M KOH solution.
Figure 8a shows the corresponding flatband potentials calculated from similar Mott-Schottky
plots of etched and metal-ion treated p- GalnP, electrodes in the 3 M KOH solution. In addition,
the figure also shows flatband potentials measured with a GalnP, electrode modified with
electrodeposited platinum. Figure 8b shows the same data plotted as the migration of the
flatband potentials measured vs. the values observed in the dark. While the etched only
(untreated) surface exhibits significant migration of the flatband potential under illumination, the
migration is significantly suppressed for the metal-ion treated surfaces, with the Rulll treated
electrode showing the best overall behavior. Table | lists the flatband potentials (Vs,) observed
for the underivatized and the metal-ion treated surfaces in the dark and under illumination. The
'light' data reported corresponds to a current density of 0.7-1.0 mA/cm?.

Effect of transition-metal ions on the I-V properties of p- GalnP,/water interface - Figure 9 shows
the effect of metal-ion treatment on the current-voltage properties of the untreated (etched only)
and metal-ion treated p-GalnP; electrodes in 3 M KOH solution. The metal-ion treated surfaces
exhibit improved fill factors and decreased hysteresis as compared to the untreated surface.
The open circuit voltages (Voc) observed for the metal-ion treated surfaces were generally more
positive than the untreated surface. The Voc values observed for the underivatized and the
metal-ion treated surfaces for the positive are also given in Table 1.

A practical single semiconductor photoelectrochemical system for water splitting requires that
the three conditions of bandgap, band edge overlap and fast kinetics must be simultaneously
satisfied (Fig. 4). The first two conditions are determined, respectively, by the energetics of the
semiconductor and the semiconductor/liquid junction, while the third condition is determined by
the kinetics of the reaction of interest at the interface. In the present case, the reaction of
interest is generation of hydrogen from photoelectrolysis of water. From the above description it
would seem that in a p-type semiconductor/liquid junction cell, the first two conditions would be
the only necessary and sufficient conditions for B evolution at the semiconductor interface.
However, we have shown here that fast interfacial kinetics is also a necessary condition for any
significant amount of hydrogen evolution. The kinetics of interfacial charge transfer strongly
affects the energetics of a semiconductor/liquid junction. Furthermore, we have shown (as also
have others [7-15,18-20] that it is erroneous to assume that the band edge positions of the
semiconductors remain in the same position during current flow under illumination as in the
dark, except perhaps for interfaces with extremely fast interfacial charge transfer rates. This
realization is significant for GalnP, because it implies that any surface modification that is
applied to shift semiconductor band edges to achieve band edge overlap must also not
compromise interfacial kinetics or else any band edge shifts could be nullified by band edge
migration under illumination [6,7].

The nature and amount of the catalyst at a semiconductor/electrolyte interface is very important
in determining the activity of the electrocatalyst. The coverage should be high enough to affect
a high rate of hydrogen production and yet should not be so high as to impede light absorption
by the semiconductor. Although the exact nature and the amount of the transition metal species
adsorbed on the p-GalnP; surface is presently unknown, a previous study on a similar substrate
(GaAs) suggests that the metal ions may be deposited as complexes, in submonolayer to a few
monolayers amounts, via a redox reaction with the surface semiconductor atoms [22]. In any
case, the lack of flatband shifts in the dark upon metal-ion treatment suggests that the metal
complexes are present as overall neutral species on the GalnP, surface. If precious metals are
to be used as catalysts for photoelectrochemical hydrogen evolution, it is important that the



absolute minimum amount required for the highest catalysis be determined. Although the
amount of catalyst deposited on the semiconductor surface has not been controlled or optimized
in this study, it is clear that significant catalysis can be obtained even with near monolayer
amounts of transition metal ions.

CONCLUSIONS

This work shows that the p-GalnP, band edges migrate negative under illumination in solutions
with pH ranging from 1-14.5. The displacement is not due to a change in the pH of the
semiconductor microenvironment but is caused by the accumulation of photogenerated
electrons at the interface due to poor interfacial charge transfer kinetics. Differentiating between
the two is important for developing appropriate surface modification strategies to realize an
effective water-photoelectrolysis system. From the experiments described above, it becomes
imperative that any surface modification scheme used to achieve the 'band edge overlap
condition' must not compromise the charge transfer kinetics at the interface. Our observations
indicate a less than optimal rate of charge transfer across the p-GalnP,/water interface and
underscore the necessity of catalysis at the p-GalnP,/water interface.

Treatment with transition-metal ions is found to effectively electrocatalyse transfer of
photogenerated electrons from the semiconductor to the liquid and to arrest the undesired band
edge migration under illumination. p-GalnP, electrodes treated with Ru", Rh", Co" and Os"
ions exhibit improved fill factors and small positive increases in the Voc. Light limited current
levels are reached at lower applied voltages. Ru" and Rh" treatments are found to suppress
band edge migration better than electrochemically deposited platinum treatment that is widely
used as a hydrogen evolution catalyst in the literature. The observation that even the best
catalysts of this study (Ru" and Rh") show ~0.25 V band edge migration at a current density of
~10 mA/cm?® suggests that other catalysts can be identified which can support higher currents
through the interface without causing appreciable band edge migration.

Although the metal-ion treatment does not shift the band edges of p-GalnP, positive enough to
affect unassisted photoelectrolysis, nevertheless, it can be applied to tandem cell designs where
it can reduce the voltage assistance required by the p-GalnP2 top layer to split water, thereby
increasing the efficiency (by decreasing the energy input required) of photo-driven hydrogen
production [4].
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Tablel. Capacitance-Voltage and Current-V oltage measurements on untreated and metal treated p-GalnP,
surfacesin 3M KOH solution.

Vfb, dark Vfb, light® Ovfp Voc, f Voc, rf
V vs. SCE V vs. SCE V V vs. SCE V vs. SCE
Untreated -0.19 -0.53 -0.34 -0.88 -0.52
Pt treated -0.15 -0.39 -0.24 -0.67 -0.40
Rulll treated -0.15 -0.24 -0.09 -0.67 -041
Osll| treated -0.14 -0.44 -0.30 -0.88 -0.37
Colll treated -0.15 -0.38 -0.23 -0.77 -0.43
Rhlll treated -0.18 -0.26 -0.08 -0.64 -0.54

a. Vfb vaues measured at an illumination level corresponding to a current density of 0.7-1.0 mA/cnt.

b. Band edge migration under illumination (Vfb, light - Vfb, dark)

c. Voc values observed for positive (p) and negative (n) going scans corresponding to a current density
of 0.7-1.0 mA/cnr.
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under illumination in the 3 M KOH solution. b) Migration of flatband potentials vs. the Vfb values
observed in the dark (Vfb, light - Vb, dark) in 3 M KOH solution.



0.0 Ly e=e= Untreated [ | eeme Untreated
| e=mme Ruthenium treated [ | e Osmium treated

-0.2 | ] h

-0.4 | . -
! 0.6
g .
Z 08 Rcaaarwetatts [RaartaauanTItEest ]
= Tt
> -10 = : : i ' : : : ' ' '
‘-é) 0.0 H *=== Untreated | | eeee Untreated
(b} [ | = Cobalt treated [ | === Rhodium treated
) L |

-0.2 I ]
c
o
=
S5 .04 I ]
D

l
-0.6 4 s .
o o
e
E L amAnyeTE
-0.8 F | N
_1_0_| 1 1 RS ST | hewrw wrsrsr i EF S S S SR ST SN N S B

-14 -12 -10 -08 06 -04 -14 -12 -10 -08 -06 -04

Applied Potential, V vs. SCE

Figure 9. Current-Voltage (I-V) curves observed for untreated and metal-ion treated p-GalnP2 electrodesin
3 M KOH solution.
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