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Thermoelectric Properties of Multifilled Skutterudites
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Bulk multifilled n- and p-type skutterudites with La as the main filler were fab-
ricated using the spark plasma sintering (SPS) method. The thermoelectric
properties and thermal stability of these skutterudites were investigated. It was
found that the interactions among the filling atoms also play a vital role in
reducing the lattice thermal conductivity of the multifilled skutterudites.
ZT = 0.76 for p-type LaggBag01Gag.1Tip1FesCoSbis and ZT = 1.0 for n-type
Lag 5Cag 1Aly 1Gag 1Ing 2Cos 75Feq 255b12 skutterudites have been achieved. Fur-
thermore, the differential scanning calorimetry (DSC) results show that there is
no skutterudite phase decomposition till 750°C for the Lag gBag 01Gag.1Tig 1Fes.
CoSb;s sample. The thermal stability of the LaggBago1Gag.1Tig1FesCoSbis
skutterudite is greatly improved. Using the developed multifilled skutterudites,
the fabricated module with size of 50 mm x 50 mm x 7.6 mm possesses maxi-
mum output power of 32 W under the condition of hot/cold sides = 600°C/50°C.
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INTRODUCTION

Thermoelectric materials have attracted much
attention in recent years because of their ability
to directly convert heat into electricity. Among
the identified thermoelectric materials, filled
skutterudites'™ are considered as some of the most
promising materials for commercial intermediate-
temperature power generation because of their out-
standing thermoelectric and mechanical properties.

The efficiency of thermoelectric materials is gov-
erned by the dimensionless figure of merit, ZT. ZT is
defined as ZT = o*T/pk, where o, p, k, and T indicate
the Seebeck coefficient, electrical resistivity,
thermal conductivity, and absolute temperature,
respectively. To further improve the ZT of filled
skutterudites, double,”™® triple,” ' and multiple'?
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filling approaches have been proposed based on the
“rattling in the oversized cage” concept. One of the
main ideas of multiple filling is to use different
atoms to serve as “rattlers” to scatter phonons with
different frequencies. Since the Yb filling atom
possesses low vibration frequency,>'? Yb is believed
to be effective in scattering low-frequency phonons,
which dominate the thermal conduction in crystals.
Despite its high price, Yb is usually used as one of
the main fillers in multifilled skutterudites, such as
Ba,La,Yb,,Co,Shy,’ Ceo,llanbyCo4Sb12f10 (Sr,Ba,
Yb)yCO4Sb12,11 etc. In our previous work,'? ZT = 1.0
for n-type Ybo.3Cag.1Alp.1Gao.1Ing.1Co3 75F e 255b12
skutterudite was achieved. In addition, ZT = 0.75
for p-type multifilled La0.7Ba0.01Ga0.1Tio_1Fe3CoSb12
skutterudite has also been realized. Based on the
developed multifilled skutterudites, the fabricated
module with size of 50 mm x 50 mm x 7.6 mm has
generation performance with power output of 32 W
and conversion efficiency of 8% under the condition
of hot/cold sides = 600°C/50°C.
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However, recently the scenario of “rattling” has
been challenged by neutron experimental results.
Inelastic neutron scattering studies on skutteru-
dite!* and neutron triple-axis spectroscopy on
clathrate’® indicated that the rattlers always
vibrate in a cage-rattler coupled mode. It has been
argued that the rattlers do not decrease the mean
free path of phonons, but lower their speed. This
result indicates that there might be some draw-
backs to the scenario of broad-spectrum rattler
scattering. Regardless of the mechanism underlying
the low thermal conductivity achieved in multifilled
skutterudites, it is possible to find filling atoms
other than Yb to optimize the thermoelectric prop-
erties of multifilled skutterudites.

In this paper, we report on the development of
high-efficiency n- and p-type multifilled skutteru-
dites with La as the main filler. Since La is much
cheaper than Yb, the cost of the new thermoelectric
materials is greatly reduced. Furthermore, the
thermal stability of p-type skutterudite is also
improved by increasing the La filling ratio from 0.7
to 0.8. The fabricated module containing the new
skutterudites possesses the same generation per-
formance as the previous module using Yb as the
main filling atom.

EXPERIMENTAL PROCEDURES
Synthesis Procedures

High-purity metals of 99.999% Sb, 99.9% Co, Fe,
La, Yb, Ce, Al, Ga, In, and Ti, and 99% Ba and Ca
were used as starting materials to synthesize the
p- and n-type skutterudite samples. A total amount
of 20 g of stoichiometric starting materials were
first loaded into carbon crucibles, which were fur-
ther sealed in quartz tubes under vacuum
(<1073 Pa). Then, the quartz tubes were trans-
ferred to a programmable furnace. After holding at
1150°C for 12 h, the quartz tubes were quenched in
cold water (about 25°C). Subsequently, the water-
quenched samples were annealed at 700°C for
another 100 h. Finally, all of each annealed sample
was ground into fine powder (below 150 um) and
densified by the SPS method at temperature of
700°C under pressure of 60 MPa.

Characterization Procedures

The distribution of filling atoms in the SPS sam-
ples was examined by energy-dispersive x-ray
spectroscopy (EDX) mapping using a Horiba Emax-
7000 probe attached to a Hitachi S4700 scanning
electronic microscope (SEM).

A round disk with diameter of 10 mm and a bar
2 mm x 2 mm x 18 mm) were cut from the same
SPS sample. The Seebeck coefficient and electrical
resistivity were measured simultaneously on the bar
by the standard four-probe method (ULVAC-Riko,
ZEM-2) from room temperature to 600°C under
helium atmosphere.
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The thermal diffusivity from room temperature to
600°C of the synthesized samples was determined
on the disk by a laser flash method (ULVAC-Riko,
TC-7000). The specific heat capacity was measured
by a high-precision, reliable DSC method (NET-
ZSCH DSC404c). The thermal conductivity is the
product of the thermal diffusivity, the specific heat
capacity, and the density of the sample. The lattice
thermal conductivity (x;) was then obtained by
subtracting the electron thermal conductivity from
the total thermal conductivity using the Wiede-
mann—Franz law with a Lorenz number of 2.0 x
10°*WQK ™2

RESULTS AND DISCUSSION

Thermoelectric Properties of the n-Type
Multifilled Skutterudites

It was found in our previous work'? that n-type
multifilled Yb0.3030.1A10.1Gao.1IH0_1C03.75F80.25Sb12

—

Fig. 1. EDX mapping of the filing atoms in the Lag3Cag 4
Alo 1Gag 1Ing 2Co3 75F €0 25Sb4o skutterudite: (a) La, and (b) In.
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Table I. Nominal and actual composition of the multifilled skutterudites as measured by ICP-AES

Nominal

Lag 3Cag 1Al 1Gag 1Ing 2Cog 75Feq 255b12
Lag gBag.01Gag.1Tig.1FesCoSbyy

Actual

L30A33030409Alo.07Gaoi11'110‘22003.75]?90.285]011.6
Lag gBag.01Gag.1Tig.o7Fes.1CoSbys 3

Yby 3Cag 1Alp.1Gag 1INg.1C03 75Feg 25Sby2 —H—
Lag 3Cag 1Al 1Gag 1Ing 1C03 75F € o5Sby, —l—
Ybyg 3Gag 1Aly.1Gag 11N 2C03 75F € 25Sb1; —@—
Lag 3Cag 1Al.1Gag 1Ing 2C03 75F€( 25Sb1p —A—
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Fig. 2. Temperature dependence of (a) the Seebeck coefficient,

(b) the electrical resistivity, and (c) the power factor for the n-type
multifilled skutterudites.

skutterudite possesses relative high ZT of 1.0. So,
this material is used as the reference material to
study the effects of La filling on the thermoelectric
properties of n-type multifilled skutterudites.
According to the SEM results (not shown), no
secondary phases were found in the grain bound-
aries. All of the filling atoms were evenly distributed
in the SPS samples. Figure 1 shows EDX mapping
results for the filling atoms in the Lag3CagAlg 1
Gag.1Ing 9Cos 75Feq 255b1o skutterudite. The actual

Ybyg 3Cag 1Aly.1Gag 1Ing.1Cog 75F e 25Sb1, —H—
Lag 3Cag 1Al 1Gag 1Ing 1C03 75F€0.05Sb1, —M—
Ybyg 3Cag 1Aly.1Gag 1INy 2C0g 75F e 25Sb1, —@—
Lag 3Cag.1Alp.1Gay 1Ing 2C0g 75F ) 25SD1, —A—
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Fig. 3. Temperature dependence of (a) the total thermal conductiv-

ity, (b) the lattice thermal conductivity, and (c) the dimensionless
figure of merit for the n-type multifilled skutterudites.

composition of this sample was also analyzed by
inductively coupled plasma-atomic emission spec-
trometry (ICP-AES), as listed in Table 1.

Figure 2 shows the Seebeck coefficient and
electrical resistivity of the n-type multifilled
skutterudites with La as the main filler. For the
Lao_gCaO.1A10_1Ga0_11n0.1003,75Fe0_25Sb12 skutteru-
dite, by simply switching the main filler from Yb
with filling ratio of 0.3 to La with filling ratio of 0.3,
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Fig. 4. EDX mapping of the filling atoms in the LaggBag 01Gag 1-
Tio.1FesCoSb,» skutterudite: (a) La, and (b) Ga.

both the Seebeck coefficient and electrical resis-
tivity are reduced. Since the ion charge of La is +3
while it is +2 for Yb,'® the reduction of the See-
beck coefficient and electrical resistivity is consid-
ered to be caused by an increase in the carrier
concentration.

According to Fig. 2c, the power factor of the
La0.3Ca0_1Alo_1Ga0.1In0,1003.75Fe0.25Sb12 skutteru-
dite is lower than that of the Ybg3Cag1Alg1Gag1
Ino_1003_75Fe0.25Sb12 skutterudite by about 5%.
What is worse, the introduction of La increases the
thermal conductivity of Lag3Cag1Aly1Gag 1Ing
Cos 75Feq 255b12 skutterudite, as shown in Fig. 3a.
Therefore, the reduced power factor and increased
thermal conductivity result in a decreased dimen-
sionless figures of merit of ZT = 0.9 for the Lags.
Cao.1A10.1Ga0_1In0_1003_75Fe0,25Sb12 skutterudite, as
shown in Fig. 3c.
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Fig. 5. Temperature dependence of (a) the Seebeck coefficient,

(b) the electrical resistivity, and (c) the power factor for the p-type
multifilled skutterudites.

On the other hand, the increase of the In filling
ratio from 0.1 to 0.2 results in an improved ZT for the
La0.3CaO_1A10_lGao_1In0_2C03.75Fe0.25Sb12 skutterudite,
as shown in Figs. 2 and 3. Compared with the Lag s.
Cao,lAlo,1Ga0.1Ino,1003_75Feo_25Sb12 Skutterudite, the
increased filling ratio of In increases the Seebeck
coefficient and electrical resistivity, resulting in a
higher power factor. The power factor of the Lags.
Cao.lAlo.lGaO.1In0.2C03_75Fe0.25Sb12 skutterudite is
also comparable to that of the Yby3CagAlg -
Gag 1Ing 1Cos 75Feq 255b15 reference sample.

Most interestingly, a low lattice thermal conduc-
tivity is also achieved by increasing the In filling
ratio from 0.1 to 0.2 in the La 3Cag 1Alg 1Gag 1Ing o
Cos.75Feq 255b1o skutterudite, as shown in Fig. 3b.
The lattice thermal conductivity of the Lags.
Cao_1A10_1GaOA1In0_2C03_75Feo,25Sb12 skutterudite at
400°C is 1.37 W/mK, which is very close to the



Thermoelectric Properties of Multifilled Skutterudites with La as the Main Filler 2003

4.0

(a) Lag 7Bag 91Ga 1Tip.1Fe3CoSby, —K—
Lag gBag 01Gag 1 Tig.1FesCoSby,

3.5

3.0

25¢

K(W/mK)

20t

[@Fé)]

| (b)

NN —

1.5¢

K (W/mK)

1.0

0.5 ‘
08} (¢)

06f

T

0.4}

0.2}

0.0

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 6. Temperature dependence of (a) the total thermal conductiv-
ity, (b) the lattice thermal conductivity, and (c) the dimensionless
figure of merit for the p-type multifilled skutterudites.

lattice thermal conductivity of the Ybgy3Cag 1Alg 1.
Gag.1Ing 1Cos 75Feq 255b15 reference sample.

The electron thermal conductivity of the Lags.
Cao.lAlo.lGao_1In0_2003_75Fe0,25Sb12 skutterudite is
Sllghtly hlgher than that of the Yb0,3Ca0,1Alo,1_
Gag 1Ing 1Cos 75Feq 255b1 reference sample, but the
total thermal conductivities of both samples are
quite similar over the whole measuring tempera-
ture range. As a result, a ZT of about 1.0 is achieved
in the LaO.SCaO.1Alo.1Ga0,1In0.2C03_75Fe0.25Sb12
skutterudite at 500°C. Considering that La is much
cheaper than Yb, the Lag 3Cag 1Aly.1Gag 1Ing 2Co3.75
Fep055b1s skutterudite is advantageous for com-
mercial thermoelectric applications. In the current
work, a significant cost saving for the filling ele-
ments can be achieved by substituting La for Yb.

Furthermore, to clarify the role of the In filling
atoms, a Ybolgcao.1A10.1Gao_1In0.QCO3_75F60.25Sb12

18
— 12 §
% o
£ 6 3
2 g
o 3.
2

6

300 400 500 600 700
Temperature (° C)

Fig. 7. Temperature-dependent DSC curve of the Lag7Bag 01Gag 1-
Tip.1FeszCoSb4, skutterudite.
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Fig. 8. Temperature-dependent DSC curve of the Lag gBag 01Gao 1-
Tig.1Fe3zCoSb,, skutterudite.
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Fig. 9. Thermoelectric generator module containing the newly
developed multifilled skutterudites with La as the main filler.

skutterudite sample was also synthesized. Unlike
the multifilled skutterudites with La as the main
filler, increase of the In filling ratio from 0.1 to 0.2
did not greatly affect the lattice thermal conduc-
tivity in the multifilled skutterudites with Yb as the
main filler. The lattice thermal conductivity of the
Yb()_gca().1A10.1Gao_1In0_2003.75F90.25Sb12 skutteru-
dite at 400°C is 1.44 W/mK, as shown in Fig. 3b.
Since the vibration frequency of the La atom in
the filled skutterudite is believed to be higher than
that of the Yb atom according to the “rattling”
theory,” La is considered to be less effective in
reducing the lattice thermal conductivity in the
filled skutterudites. Our current results indicate
that interactions among filling atoms also play a
vital role in reducing the lattice thermal conduc-
tivity of the multifilled skutterudites. Therefore, a
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Table II. Power generation performance of the
module

Lag.3Cag.1Alg
Gag 1Ing2Co3. 75F e 255by s

n-Type material

p-Type material Lao,gBaO,OlGao,lTio.l

Fe3COSb12
Open-circuit voltage 492V
Maximum output power 32 W
Voltage at maximum power 2.46 'V
Current at maximum power 13A

competitive low lattice thermal conductivity was
also achieved in the Lag 3Cag 1Al 1Gag 1Ing 9Cos 75
Feo_gssblg skutterudite.

Thermoelectric Properties and Thermal
Stability of the p-Type Multifilled
Skutterudites

Skutterudite-based thermoelectric generators are
expected to work at hot-side temperatures of over
600°C. Therefore, the thermal stability of the mul-
tifilled skutterudites is quite critical, especially for
the low-melting-point p-type skutterudites. In our
previous work, a p-type Lag-Bago1Gag1Tigp1Fes.
CoSb;, multifilled skutterudite was developed. To
further improve its thermal stability, the effects of
the La filling ratio were studied in the current work.

As for the n-type skutterudites, all of these filling
atoms were evenly distributed in the SPS samples,
and no secondary phases were found in the grain
boundaries under SEM observation. Figure 4 shows
EDX mapping of the filling atoms in the Lagg.
Bag ¢1Gag 1Tig 1FesCoSbys skutterudite. The actual
composition of this sample as measured by ICP-AES
is also given in Table I.

Figure 5 shows the electrical properties of the
La0~7Ba0.01Ga0‘1Ti0‘1Fe3CoSb12 and LaO.SBaO‘Ol_
Gag 1Tig 1FesCoSbs multifilled skutterudites. By
increasing the La filling ratio from 0.7 to 0.8 in the
skutterudites, both the Seebeck coefficient and
electrical resistivity increase owing to the decreased
carrier concentration. As a result, the power factor
of the LaggBag01Gag1Tig 1FesCoSbqs skutterudite
is about 96% of that of the Lag sBag 01Gag 1Tig 1Fes.
CoSbo skutterudite (at 450°C), as shown in Fig. 5c.

On the other hand, both the electron and lattice
thermal conductivities of the LaggBag91Gag 1Tio 1-
Fe3CoSb5 skutterudite are reduced by the increased
La concentration, as shown in Fig. 6. The total
thermal conductivity of the LaggBag¢1Gag1Tig 1
Fe3CoSb5 skutterudite is about 93% of that of the
La0~7Ba0.01GaO‘1Ti0‘1F€3COSb12 skutterudite (at
450°C), as shown in Fig. 6a. Therefore, a ZT of 0.76
for the LagsBag 01Gag 1Tig 1FesCoSbys skutterudite
is realized at 450°C, as shown in Fig. 6c¢.

Figure 7 shows the DSC curve of the Lag ;Bag o1
Gag 1Tig 1Fe3sCoSby, skutterudite. The peak at about
596°C represents the skutterudite—Sb eutectic
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point, because there is always some trace amount of
Sb in the as-sintered sample. Another broad peak
between 641°C and 677°C represents the decompo-
sition of the skutterudite phase. Such a low decom-
position temperature should be avoided from the
application point of view.

On the contrary, Fig. 8 shows that the broad peak
disappears over the whole measuring temperature
range (under 750°C) for the LaggBag 1Gag.1Tig 1-
Fe3CoSb;o skutterudite, indicating remarkably
improved thermal stability. The reason for this
improvement will be studied in future work.

Power Generation Performance
of the Thermoelectric Module

Using the technologies described in Ref. 12, a
thermoelectric generator module containing the
newly developed multifilled skutterudites with La
as the main filler was successfully developed, as
shown in Fig. 9. The module is made from several
20-g ingots. All of these ingots possess similar room-
temperature transport properties. The module with
size of 50 mm x 50 mm x 7.6 mm consists of 32
pairs of p/n elements with element size of 5 mm x
5 mm x 7.6 mm. Details of the module measure-
ment apparatus can be found in Ref. 17. Under the
condition of hot/cold sides = 600°C/50°C, the maxi-
mum output power generation is 32 W, the same as
that of the previous module using Yb as the main
filler. Table II lists the detailed power generation
performance of the module.

CONCLUSIONS

ZT =0.76 for p-type Lao_gBao_OlGao_1Ti0'1F63_
CoSby;s; and ZT =1.0 for n-type Lags3Cag Alg 1
Gao.1In0_2003.75Fe0.25Sb12 skutterudites with La as
the main filler have been realized. Furthermore, the
thermal stability of the LaggBago1Gag 1Tig 1Fes.
CoSb;, skutterudite is greatly improved compared
with that of the La0.7Ba0.01Ga0_1Tio_1Fe3COSb12
skutterudite. The fabricated module with size of
50 mm x 50 mm x 7.6 mm has generation perfor-

mance with power output of 32 W under the condi-
tion of hot/cold sides = 600°C/50°C.
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