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More than 60%of thermal energy generated through various combustion systems is discharged as waste heat into

the atmosphere. Using thewaste heat effectively is among themost important issues froma viewpoint of the depletion

of fossil fuels. In this regard, thermoelectric power generation that can directly convert the thermal energy to

electrical energy is one of the attractive methods. Skutterudite compounds of CoSb3 have been investigated as

promising candidate materials for thermoelectric power generation. In this research, CoSb3 compounds were

synthesized from raw metal powders by using a pulse discharge sintering process. To improve the thermoelectric

properties, iron was doped as an element substituting for cobalt of the CoSb3 compound. The syntheses of

FexCo1�xSb3 were confirmed by x-ray diffraction analysis. The Seebeck coefficient, electric resistivity, and thermal

conductivity were measured as the thermoelectric properties. Optimum content of iron was decided from the

maximum thermoelectric figure of merit. Furthermore, filling of lanthanum into Fe0:1Co0:9Sb3 was attempted to

decrease the thermal conductivity. The lanthanum-filledFe0:1Co0:9Sb3 compoundswere synthesized fromrawmetal

powders and LaSb powder by the pulse discharge sintering process. The optimum lanthanum content that leads to

the maximum thermoelectric performance is discussed. The substitution of iron for cobalt improved the

thermoelectric performance. The lanthanum-filling decreased the thermal conductivity at a low lanthanum content

and led to higher thermoelectric performance in spite of low lanthanum content.

Nomenclature

a = lattice constant, Å
L0 = Lorentz number, V2 K�2

T = absolute temperature, K
x = iron content in FexCo1�xSb3
x0 = substituting iron content
y = lanthanum content in LayFe0:4Co3:6Sb12
Z = thermoelectric figure of merit, K�1

� = Seebeck coefficient, VK�1

� = diffraction angle, deg
� = thermal conductivity, Wm�1 K�1

�E = electron thermal conductivity, Wm�1 K�1

�L = lattice thermal conductivity, Wm�1 K�1

� = wavelength of the x-ray source, m
� = electrical resistivity, �m

I. Introduction

T HERMAL energy is generated through various combustion
systems using combustion of fossil fuels such as petroleum,

natural gas, and coal. However, more than 60% of thermal energy is
discharged as waste heat into the atmosphere. From a viewpoint of
saving energy, the effective use of the waste heat is a very important
and urgent issue. Thermoelectric power generation that can directly
convert thermal energy into electric energy is widely applicable to
the power generation from milliwatts to megawatts in generating
capacity. Thus, the thermoelectric power generation is a promising
means using the waste heat discharged from energy systems such as

automobiles, combined cycles, and waste material incineration
systems. Because conversion efficiency of thermoelectric power
generation is still low, however, development of high-performance
thermoelectric materials is indispensable for improvement of
conversion efficiency and practical use.

In the thermoelectric research field, the dimensionless figure of
merit ZT is frequently used as an index of thermoelectric
performance [1]. This is defined as follows:

ZT � �
2T

��
(1)

The product ZT is theoretically related with the conversion
efficiency [1]. The higher ZT, the higher the conversion efficiency.
The Seebeck coefficient�, the electrical resistivity�, and the thermal
conductivity � in Eq. (1) are the important three thermoelectric
properties.

CoSb3 skutterudite compounds are among the promising
thermoelectric materials that are adequate for the thermoelectric
power generation using heat resources with temperatures of 600 to
800 K. Uher [2] provided an in-depth review on skutterudite
materials. The compounds have relatively good thermoelectric
properties of the Seebeck coefficient and the electric conductivity.
However, they do not demonstrate sufficient thermoelectric
performance, because of a relatively high thermal conductivity.
Lowering the thermal conductivity of skutterudite materials by
phonon scattering is a very useful means to improve the
thermoelectric performance [2]. Recently, the effect of fullerene
addition to the thermoelectric properties has been reported on the
skutterudite materials [3,4]. It was confirmed that dispersion of the
fullerene particles in the skutterudite materials lowers the thermal
conductivity by phonon scattering. Formation of solid solution is
another approach to lower the thermal conductivity of skutterudite
materials [5–7]. The most famous and major method of lowering the
thermal conductivity of skutterudite materials is to fill atoms of rare-
earth element into two voids (cages) existing in a unit cell of the
skutterudite structure [2,8–13]. Figures 1a and 1b show the unit cells
of the skutterudite structure and the filled skutterudite structure,
respectively. The transition metal atoms form a simple cubic
sublattice. The pnicogen atoms form planar quadrilateral rings that
arrange along the (100), (010), or (001) crystallographic directions.
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The unit cell has six such pnicogen rings. Two of the eight small
cubes do not have the pnicogen ring, giving rise to two voids per unit
cell of skutterudite structure (see Fig. 1a). In the crystal structure of
the filled skutterudite, the rare-earth atoms occupy the two voids as
filler atoms, as shown in Fig. 1b. The filler atoms have the thermal
oscillation (rattling) during thermal transfer through the crystal
lattice. This phenomenon brings about phonon scattering and
consequently lowers the thermal conductivity.

In this research, the CoSb3 compounds doped with iron and
lanthanumwere investigated to lower the thermal conductivity and to
improve the thermoelectric performance. The iron element was
doped for formation of solid solution, and the lanthanum element
was doped for filling voids in the skutterudite structure. Pulse
discharge sintering (PDS) is a type of hot-pressing method, which
has an advantage of rapid and active sintering at relatively low
temperatures. The PDS process is also effective for quick synthesis
of the CoSb3 compound [4]. Thus, the PDS process was used for
synthesis of Fe-doped CoSb3 compounds in place of the
conventional melting method [13,14]. The syntheses of
FexCo1�xSb3 were confirmed by x-ray diffraction (XRD) analysis.
The thermoelectric properties (that is, Seebeck coefficient, electric
resistivity, and thermal conductivity) were measured and an
optimum iron content was decided from the maximum
dimensionless figure of merit. Furthermore, filling lanthanum into
Fe0:1Co0:9Sb3 was attempted to achieve lower thermal conductivity.
The PDS process was also used for synthesis of La-filled
Fe0:1Co0:9Sb3 compounds. The optimum La content that leads to the
maximum thermoelectric performance is discussed.

II. Experimental

The commercial cobalt powder (purity of 99% or more and size of
75 �m or less ), iron powder (99.9% or more and size of 5–6 �m),
antimony powder (99.9% or more and size of 45 �m or less) were
blended in a nonstoichiometric mole ratio of FexCo1�xSb3 (x� 0,
0.04, 0.08, 0.1, 0.2, 0.3, 0.4). The resulting powder mixture was
sintered by PDS (SPS-1050, SPS Syntex Inc.). In the PDS process,
on–off dc pulse voltage and current are repeatedly applied to the
powder materials under compressive condition, and the powder with
the surface activated by spark discharge is easily consolidated by
Joule heating. After packing the powder into a graphite container,
disk-type sintered samples (’20 � 4 mm) were prepared under the
sintering conditions of compression at 60 MPa, a sintering
temperature of 853 K, a holding time of 10 min, and a cooling speed
of 2 K=min in a vacuum.On the other hand, theLaSb powder (purity
of 99.9% or more and size of 300 �m or less) was newly added into
the separately prepared powder mixtures of Co, Fe, and Sb to
synthesize the LayFe0:4Co3:6Sb12 compound (y� 0:05, 0.1, 0.15,
0.4) and the blended mixtures were sintered under the same sintering
conditions. Density of the sintered sample was calculated from the
volume and weight of the sample. The phases synthesized after PDS
were identified and lattice constants were estimated byXRD analysis
with CuK� radiation (RINT2500TTR, Rigaku Corp.). The lattice
constant in the skutterudite structure was calculated from the x-ray
diffraction peaks of skutterudite in the diffraction angle 2� range
from 20 to 140 deg.

After the sintered samples were cut into the prescribed shape, their
Seebeck coefficient and electrical resistivity were measured with
thermoelectric measuring equipment (ZEM-2, ULVAC-RIKO,
Inc.), based on steady direct current and direct current four-terminal
methods, respectively. The thermal conductivity was estimated with
thermal constants measuring equipment (TC-7000, ULVAC-RIKO,
Inc.), based on the laser-flash method.

III. Results and Discussion

Fe-doped CoSb3 compounds were synthesized by the PDS
process to lower the thermal conductivity by the effect of solid
solution. Structural characteristics and thermoelectric properties of
the compounds were investigated for determining an optimum Fe
content at which the maximum thermoelectric performance is
obtained. La-doped Fe0:1Co0:9Sb3 compounds were also prepared by
the PDS process to further lower the thermoelectric conductivity by
effects of La filling. An optimum La content was determined from
structural characteristics and thermoelectric properties of the
compounds.

A. Structural Characteristics and Thermoelectric Properties of

FexCo1�xSb3 Samples

All of theFexCo1�xSb3 samples prepared by the PDSprocess had a
relative density of more than 95% regardless of Fe contents. Figure 2
shows the x-ray diffraction patterns of FexCo1�xSb3 samples
prepared at various Fe contents. In the Fe content range from 0 to
0.08, only a single phase of skutterudite was identified. It is thought
that Fe atoms substituted sufficiently for Co sites in the CoSb3
structure, because other phases containing iron element were not
detected. At an Fe content higher than 0.10, a diffraction peak of the
FeSb2 compound existed around 35 deg and the intensity of this peak
increased with increasing Fe content. At an Fe content of 0.30 and
0.40, the Sb phase (see the peak of 28.7 deg in Fig. 2) existed together
with the skutterudite phase and the FeSb2 phase. Peng et al. [6]
reported a similar result: that Sb and FeSb2 phases exist at an Fe
content higher than 0.16. These results would indicate that there is a
threshold Fe content at which Sb and FeSb2 phases begin to appear.

To confirm the substitution of Fe atoms for Co sites, the lattice
constant of the skutterudite structure was calculated from the x-ray
diffraction peaks of skutterudite. Figure 3 shows a change in the
lattice constant with the Fe content. The lattice constant
monotonously increased with the Fe content. This indicates that
the unit cell of the skutterudite was expanded by substituting the iron
atoms for a part of the cobalt sites. A relation based on Vegard’s law
that there is a linear relation between the lattice constant and the
content of constituent atom in the solid solution is expressed as a
broken line in Fig. 3. The change in the lattice constant deviated from
the broken line at an Fe content higher than 0.04. The difference
between nominal Fe content x and substituting Fe content x0

: Transition metal atom

: Pnicogen atom

: Rare-earth atom (filler)

a) b)

Fig. 1 Unit cells of a) skutterudite structure and b) filled skutterudite

structure.
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calculated from the lattice constant based on Vegard’s law
corresponds to an excess content of Fe. The existence of Fe atoms
that cannot substitute for Co sites of CoSb3 would result in the
formations of the FeSb2 phase and incidental Sb phase according to
the following chemical reaction:

xFe� �1 � x�Co� 3Sb!
�
1 � x
1 � x0

�
Fex0Co�1�x0�Sb3

�
�
x � x0
1 � x0

�
FeSb2 �

�
x � x0
1 � x0

�
Sb (2)

The amount of FeSb2 and Sb phases would increase with an excess
content of Fe. Though Fig. 3 suggests that FeSb2 and Sb phases exist
at an Fe content higher than 0.04, it is different from the result
obtained by XRD analysis. These phases might not be detected at Fe
contents of 0.08 and 0.1 due to the small amount of their phases.

Temperature dependence of the electrical resistivity in
FexCo1�xSb3 samples is shown in Fig. 4. Only the CoSb3 sample
indicates negative temperature dependence. On the other hand, all
samples of FexCo1�xSb3 (0< x � 0:4) indicate positive temperature
dependence and maintain the low level of electrical resistivity. The
electrical resistivity drastically decreased by Fe doping in the lower
temperature range. In the Fe content range from 0.04 to 0.2, the
changes in electrical resistivity were almost the same. At an Fe
content higher than 0.2, the electrical resistivity decreased with
increasing Fe content.

Figure 5 shows measurement results of the Seebeck coefficient in
FexCo1�xSb3 samples. Changes in the Seebeck coefficient of
FexCo1�xSb3 samples were very different from that of the CoSb3
sample. Fe doping lowered the Seebeck coefficient in the lower
temperature range and it increased the peak temperature at which the
peak of the Seebeck coefficient was obtained. In the Fe content range
from 0.04 to 0.2, the Seebeck coefficient increased with the Fe
content. At an Fe content higher than 0.2, it decreasedwith increasing
Fe content.

The results of thermal conductivity in FexCo1�xSb3 samples are
shown in Fig. 6. In the Fe content range from 0 to 0.1, the thermal
conductivity decreased with increasing Fe content. This would be
caused by substituting Fe for the Co site in the skutterudite structure.
The samples with an Fe content higher than 0.2 had different
temperature dependence of the thermal conductivity. It is thought
that the cause would be due to the existence of the Sb and FeSb2
phases. Temperature dependence of the thermal conductivity in the
sample with an Fe content of 0.2 was in a transitional state. The
formation of the Sb phase having high thermal conductivity would
increase the thermal conductivity, and the increase in the amount of
FeSb2 phase would lower the thermal conductivity.

Figure 7 shows the results of the dimensionless figure of merit in
the FexCo1�xSb3 samples. Fe doping increased the peak temperature
at which the peak value of the dimensionless figure of merit ZT is
obtained. The peak temperatures of the samples with different Fe
contents were almost the same value of about 700 K. The maximum

ZT of 0.12 at 723 K was obtained in the Fe0:1Co0:9Sb3 sample
(x� 0:1). The Fe0:1Co0:9Sb3 sample was selected as a material with
optimumFe content from the standpoint of maximum thermoelectric
performance. Filling La atoms into voids in a unit cell of the
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Fe0:1Co0:9Sb3 samplewas attempted as a next step. The sampleswere
prepared by the PDSprocess and the structural characteristics and the
thermoelectric properties were investigated to find an optimum La
content for La filling.

B. Structural Characteristics and Thermoelectric Properties of
LayFe0:44Co3:6Sb12 Samples

To investigate the effect of La doping on the synthesized phase, an
XRD analysis was carried out. Figure 8 shows the x-ray diffraction
patterns of LayFe0:44Co3:6Sb12 samples prepared at various La
contents. Only a skutterudite phase was identified at any La content.
The residual phases of LaSb and La were not detected from XRD
analysis. Figure 9 shows the influence of the La content on the lattice
constant in LayFe0:4Co3:6Sb12 samples. A broken line in this figure
expresses the average lattice constant of 9.0408 Å. There was no
significant change in the lattice constant. This suggests that the La
atoms would be inserted into voids in the unit cell of the skutterudite
structure as filler atoms and they would hardly influence on the
framework of the unit cell. All of the LayFe0:44Co3:6Sb12 samples
prepared by the PDS process also had a relative density of more than
95% regardless of the La contents.

The thermoelectric properties measured are shown in Figs. 10–12,
respectively. Figure 10 shows the temperature dependence of the
electrical resistivity in LayFe0:4Co3:6Sb12 samples. Although there
were linear relations between the electrical resistivity and the
temperature in all the samples, the slope in the Fe0:1Co0:9Sb3 sample
(y� 0) was different from those in LayFe0:4Co3:6Sb12 samples. The
electrical resistivity slightly decreased with increasing La content.

Figure 11 shows the measurement results of the Seebeck
coefficient in LayFe0:4Co3:6Sb12 samples. The temperature depend-
ence of the Seebeck coefficient in all samples had a similar tendency.
Though Seebeck coefficients of LayFe0:4Co3:6Sb12 samples were
higher than that of the Fe0:1Co0:9Sb3 sample (y� 0), it slightly
decreased with increasing La content.

Temperature dependence of the thermal conductivity in
LayFe0:4Co3:6Sb12 samples with various La contents are shown in
Fig. 12. The temperature dependence of the thermal conductivity in
all samples indicated a similar tendency. The thermal conductivity
was minimized at an La content of 0.05 over the range of all
measurement temperatures. At an La content higher than 0.05, the
thermal conductivity slightly increased with La content.

The thermal conductivity of thermoelectric materials is generally
expressed as a total of the thermal conductivities due to the lattice and
electronic contributions as follows:

� � �L � �E (3)

According to the Wiedemann–Franz Law, the electron thermal
conductivity �E is expressed as follows:

� E �
L0T

�
(4)

where the Lorentz number L0 is 2:45 � 10�8 V2 K�2. The lattice
thermal conductivity �L is estimated as the difference between the
total thermal conductivity and the electron thermal conductivity.

Figure 13 shows the changes in the tow types of thermal
conductivities calculated using Eqs. (3) and (4). The electron thermal
conductivity was much lower than the lattice thermal conductivity in
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all LayFe0:4Co3:6Sb12 samples. The temperature dependence of the
electron thermal conductivity in the La-doped samples indicated a
different tendency from that in Fe0:1Co0:9Sb3 samples. The electron
thermal conductivity of theLayFe0:4Co3:6Sb12 sample had a tendency
of increasing with La content. The lattice thermal conductivity of the
LayFe0:4Co3:6Sb12 samplewasminimized at an La content of 0.05, as
well as the total thermal conductivity. Phonon scattering occurring
by rattling of La atoms inserted into voids in the skutterudite structure
would contribute to lowering of the lattice thermal conductivity.
Excess La content (y> 0:05) increased the lattice thermal
conductivity. Though La and LaSb phases were not detected in
XRD analysis, existence of their phases having high thermal
conductivity might increase the lattice thermal conductivity.

Figure 14 shows the temperature dependence of the dimensionless
figure of meritZT inLayFe0:4Co3:6Sb12 samples together with that in
the CoSb3 sample. A peak of ZT in the LayFe0:4Co3:6Sb12 sample
existed at a higher temperature compared with that of the CoSb3
sample, and the peak value ofZTwas increased by doping Fe andLa.
Doping Fe and La would bring about phonon scattering according to
effects of both the solid solution and the rattling of filler atoms and
contribute to lowering of the thermal conductivity and to
improvement of the thermoelectric performance. The maximum
ZT of 0.20 at 781 K was obtained in the LayFe0:4Co3:6Sb12 sample
with an optimum La content of 0.05. The value was 2.4 times higher
than that of theCoSb3 sample. The optimum La content in this study
is thought to correspond to the effective La-filling content in the
LayFe0:4Co3:6Sb12 sample. Because the effective La-filling content

of 0.05 is still low, the further improvement of thermoelectric
performance (that is, ZT > 1) could be achieved by investigation of
optimum content of both Fe and La for raising the effective La-filling
content. In the operating conditions of PDS process, the sintering
temperature, pressure, and holding timewere fixed in this research. It
would be necessary to optimize these operating conditions for
achieving better thermoelectric performance of the filled skutterudite
compounds.
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Fig. 12 Temperature dependence of thermal conductivity in
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Fig. 13 Temperature dependence of two types of thermal conductiv-
ities inLayFe0:4Co3:6Sb12 samples: a) electron thermal conductivity and

b) lattice thermal conductivity.
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Fig. 14 Temperature dependence of the dimensionless figure of merit

in LayFe0:4Co3:6Sb12 samples.
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IV. Conclusions

In this research, Fe- and La-doped CoSb3 compounds were
synthesized from raw metal powders by using a pulse discharge
sintering (PDS) process. The structural features and the
thermoelectric properties of the compounds were investigated. To
lower the thermal conductivity by formation of solid solution and to
improve the thermoelectric performance,FexCo1�xSb3 sampleswere
prepared using a PDS process. The syntheses of FexCo1�xSb3
skutterudite compounds were confirmed by XRD analysis. The
upper limit of the Fe content, in which a single phase of the
FexCo1�xSb3 compound exists, was 0.08. The lattice constant of
skutterudite was monotonously increased with the Fe content. The
electrical resistivity and the Seebeck coefficient dropped extremely
at relatively low temperature by doping a small amount of Fe. The
thermal conductivity also decreased with increase of the Fe content.
The maximum dimensionless figure of merit of 0.12 at 723 K was
obtained in the Fe0:1Co0:9Sb3 sample (x� 0:1) and exceeded that of
CoSb3 (ZT� 0:08). An optimum Fe content in the FexCo1�xSb3
sample was decided as the x� 0:1 form standpoint of maximizing
thermoelectric performance. To lower the thermal conductivity by
La filling and to improve the thermoelectric performance,
LayFe0:4Co3:6Sb12 samples were prepared using a PDS process. A
single phase of skutterudite compound was only detected in all
LayFe0:4Co3:6Sb12 samples. An effective La-filling content was
estimated as 0.05, because the La0:05Fe0:4Co3:6Sb12 sample had the
minimum lattice thermal conductivity at the Fe content. The
maximum figure of merit of 0.20 at 781 K was obtained in the
La0:05Fe0:4Co3:6Sb12 sample and exceeded the performances of
CoSb3 and Fe0:10Co0:90Sb3. The maximum value was 2.4 times that
of the CoSb3 sample. Further improvement of thermoelectric
performance (that is, ZT > 1) could be achieved by investigation of
the optimum content of both Fe and La for raising the effective La-
filling content.
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