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Electrical and Thermal Transport 
Optimization of High

Efficient n-type Skutterudites





So What’s the Solution?

In GM’s view we must

 Increase fuel efficiency of conventional propulsion vehicles in 
response to market demands

 Displace a portion of petroleum fuel usage

 Diversify energy sources for use in transportation applications

 Reduce net emissions of carbon dioxide



Improve
Vehicle

Fuel Economy
and 

Emissions

Displace
Petroleum

Energy
Diversity

Hydrogen 
Fuel Cell-Electric

Vehicles

Battery-Electric
Vehicles (including

EREV)Hybrid-Electric
Vehicles (including

Plug-in HEV)
IC Engine

and Transmission
Improvements

Petroleum (Conventional and Alternative Sources)
Alternative Fuels (Ethanol, Biodiesel, CNG, LPG)

Electricity (Conv. and Alternative Sources)
Hydrogen

Time

GM Advanced Propulsion Technology Strategy



 Today’s ICE-based vehicles: < 20% of fuel energy is used for propulsion
 > 60% of gasoline energy (waste heat) is not utilized

GEN I

GEN II

Typical Energy Path in Gasoline Fueled Internal 
Combustion Engine Vehicles

GEN III

C
om

bu
st

io
n

30% 
Engine

Vehicle Operation

10
0%

40% 
Exhaust 

Gas

30% 
Coolant

5% 
Friction & 
Radiated

25%
Mobility & 

Accessories
G

as
ol

in
e

G
as

ol
in

e

G
as

ol
in

e
G

as
ol

in
e

G
as

ol
in

e
G

as
ol

in
e

Note: Charts in this presentation 
are drawn from multiple sources
and may have slightly different 
numbers because of different 
vehicles &  assumptions.  Consider
them general estimates, not precise
analysis. 



Exhaust Heat - City Driving Cycle
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 The Suburban was selected as a test vehicle because it simplified the 
modifications and installation of the prototype.  

 Fuel efficiency improvement will be better in small, fuel efficient vehicles than in 
large vehicles because the electrical load in small vehicles is a larger portion of 
the engine output.

TE Automotive Waste Heat Recovery Vehicle 
Selection – Chevy Suburban



Chevy Suburban Exhaust Temperature
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 The average exhaust temperature is around 500 – 600 °C



 Prospective TE power generation materials for hot-side temperature near 800 K 
 Both the n- and p-type exist – optimal for TE module construction
 The materials are mechanically strong (Wed. pm talk – James S. Salvador)  

Skutterudites Have Excellent Thermoelectric Property
in the Temperature Range of Interest
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Co Sb

Co4Sb12

Filler atoms

 CoAs3 -based minerals found in region
of Skutterud, Norway
 Compounds with the same crystal

structure are known as “skutterudites”
 Filled skutterudites are electron-crystal-

phonon-glass materials

Skuterud gård, Modum

Skutterudites 101



Structural Uniformity is Critical for Achieving Good 
Electrical Properties  

Macroscopic backscattered electron image (left) and atomic-level
high angle annular dark-field STEM (HAADF-STEM) along the
[111] orientation (right) of Ba0.08La0.05Yb0.04Co4Sb12



Very High Power Factor Values Achieved

 Power factor > 50 µW/cm-K2 measured in a large carrier
concentration range between 5 and 15 × 1020 cm-3
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Multiple-Element-Filling Concept

 Skutterudites can be designed to achieve very low lattice 
thermal conductivity by introducing multiple, non-overlapping 
phonon resonant center 

Yang, et al., Appl. Phys. Lett. 90, 192111, 2007;  Shi, et al., Appl. Phys. Lett. 92, 182101, 2008



HAADF-STEM Image of Ba0.08La0.05Yb0.04Co4Sb12
Along the [001] Orientation

 In the [001] direction, one can identify filler-only atomic columns
 Fillers are randomly distributed in the crystallographic voids 



EDS Spectra Randomly Acquired from Filler Columns

 The e-beam size is approximately 0.15-0.2 nm
 The distribution of Yb (and other fillers) are random

Cu signal is from the TEM Cu supporting grid



Lattice Thermal Conductivity Reduction from Single- to 
Triple-element-filled skutterudites

Minimum lattice thermal conductivity is achieved at elevated 
temperatures
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Very High Power Factor Values in a Wide T Range



ZT of BauLavYbwCo4Sb12

Multiple-filled skutterudites possess some of the highest ZT 
values reported for bulk TE materials
 ZTmax = 1.7 at 850 K



Single-, Double-, to Triple-filled

1. X. Shi, et al. Appl. Phys. Lett. 92, 182101 (2008)
2. X. Shi, et al., submitted (2009)
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Key Take-Aways

 Ba, Yb, and La should not be the only combination that gives rise to 
high ZT
 High PF values unchanged from single-, double-, to triple-element-
filled  n-type skutterudites
 The optimum carrier concentration corresponds to ~ 0.35-0.75 e/fu, 
which means that composition can be designed using the nominal 
valence state of the filler ions



Multiple-element-partially-filled skutterudites are 
amongst prospective n-type materials for automotive 
exhaust waste heat recovery applications

 The skutterudites-based TE generator can be further 
improved by optimizing the p-type materials 

There are plenty of engineering to be done
• strength improvement
• contacts/interconnects
• heat exchanger
• power electronics 

Conclusions
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142 46.70 141 46.04 6.495K

113 17.18 112 16.87 3.819Na

91 42.56 90 41.62 14.55Sr
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• Multiple-element filling will scatter a broad range of lattice phonons,
lower thermal conductivity, and improve ZT1-3

1. Shi, X., Zhang, X., Chen, L. D., and Yang, J., Phys. Rev. Lett. 95, 185503, 2005.
2. Yang, J., Zhang, W., Bai, S. Q., Mei, Z., and Chen, L. D., Appl. Phys. Lett. 90, 192111, 2007.
3. Shi, X., Kong, H., Li, C.-P., Uher, C, Yang, J., Salvador, J. R., Wang, H., Chen, L., and 

Zhang, W., Appl. Phys. Lett. 92, 182101, (2008)

Filler Atoms in Skutterudites Rattle with 
Different Frequencies - Theory



• Calculated resonant phonon frequencies are experimentally validated
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Phonon DOS Measured by Inelastic Neutron 
Scattering – Experiment



STEM Images of the Triple-Filled Skutterudites

[111]



STEM Images of the Triple-Filled Skutterudites



Phonon DOS Measurement – Inelastic Neutron 
Scattering


