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ABSTRACT

In-single-filled InxCo4Sb12 skutterudite was synthesized from high-purity raw

materials by microwave heating for 5 min, and the bulk materials with

7.26–7.64 g cm-3 density are subsequently achieved after annealing and spark

plasma sintering. The XRD detected results show that all major diffraction peaks

are indexed to the body-centered cubic CoSb3 and InSb secondary phase which

are found to be present in all samples. Pores and dislocations are observed in

InxCo4Sb12, while those microstructure characteristics may reduce the lattice

thermal conductivity by scattering different frequency phonons. Indium atoms

optimize the carrier concentration and InSb may act as an n-type dopant to

provide impurity carriers and increase the mobility. The optimal carrier con-

centration is obtained as 4.77 9 1020 cm-3 in In0.6Co4Sb12. The maximum power

factors of 3720 lWm-1 K-2 are observed from In0.4Co4Sb12. The lattice thermal

conductivity of In0.6Co4Sb12 was effectively reduced to 1.12 Wm-1 K-1. The

highest ZT of 1.15 appears at 773 K and possible larger values can be achieved at

a higher temperature.
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1 Introduction

Thermoelectric conversion technology is one of the

feasible option which can convert waste heat into

electrical energy directly, free of secondary pollution.

The application of thermoelectric conversion tech-

nology depends on the material performances which

are determined by the figure of merit (ZT), which is

defined as ZT = rS2 T/j, where r, S, T, k are the

electrical conductivity, Seebeck coefficient, tempera-

ture, and thermal conductivity, respectively. Thus,

high-performance thermoelectric materials require

optimized electrical and thermal transport properties

synchronously, that is, a combination of large S,

appropriate r, and lowest possible k [1].

Skutterudites have a general formula of XY3, where

X and Y are transition metals (Co, Ir, Rh, etc.) and

phosphorus group elements (P, As, Sb, etc.). They

have body-centered cubic structure with space group

of Im3 as well as 8 XY3 units and 32 atoms in each

unit cell [2]. The pristine CoSb3 has a high lattice

thermal conductivity of * 10 Wm-1 K-1 on account

of strong covalent bond between CO and Sb. For

many thermoelectric materials, such as Bi2Te3 [3],

Mg3Sb2 [4], and Si [5], composite materials are mostly

used to reduce the lattice thermal conductivity [6, 7],

but these processes are complicated and lengthy.

Thanks to the crystal structure of CoSb3, a simple

method can be used to reduce its lattice thermal

conductivity. Filling impurity atoms into the lattice

voids in CoSb3 allows one to strongly reduce the

thermal conductivity on account of phonon-resonant

scattering and synchronously optimize the carrier

concentration. The filler atoms that have been

reported in literatures include alkali metal elements

[8, 9], alkali earth metal elements [10], rare earth

elements [11–14], and others [10, 15, 16]. Hitherto, the

thermoelectric transport properties of indium single-

filled CoSb3 have been reported in many literatures

[16–19]. Despite the success of these studies, since the

performance of materials is closely related to the

preparation methods, it is still necessary to discuss

the thermoelectric transport mechanism if a new

fabrication method was adopted.

The filled skutterudites are usually achieved via

melting [10, 14, 19], high-pressure synthesis [9, 13],

solid-state reaction [11, 20], or hydrothermal synthe-

sis [21]. Microwave is a high-efficiency and energy-

saving heating way which has been widely used in

the synthesis of inorganic materials [22]. In addition

to this work, there is only one paper related to the

microwave synthesis of filled skutterudites [23]. In

this work, series of In-single-filled InxCo4Sb12 bulks

are fabricated via microwave ultrafast synthesis

combined with spark plasma sintering. The phase

composition and microstructure are discussed in

detail. The variations of carrier concentration,

mobility, conductivity, Seebeck coefficient, thermal

conductivity, and lattice thermal conductivity are

discussed in detail. Our desire is to provide a feasible

approach for the efficient preparation of high-per-

formance thermoelectric materials.

2 Experimental section

2.1 Sample synthesis

In-single-filled skutterudite samples InxCo4Sb12 were

synthesized by a combination of microwave synthesis

and high-temperature annealing. The stoichiometric

quantities were weighed according to the nominal

compositions of InxCo4Sb12 (x = 0.3, 0.4, 0.6, 0.8, 0.10,

0.12). The fabrication procedures are as follows: (1)

The mixture powders were fully ground and then

cold-pressed as * 15 mm buttons, (2) the as-pressed

button was vacuum sealed in a fused silica tube and

then put into corundum crucible in a microwave

oven, using copper oxide powder as microwave

receptors, (3) the synthesis reaction was conducted

with a microwave power of 1100 W for 5 min, (4) the

as-synthesized ingot was subsequently annealed

under vacuum at 948 K for 5 days, (5) the as-an-

nealed ingot was ground into powder and sintered

on SPS for 10 min at the temperature of 923 K and

pressure of 50 MPa, and (6) the as-sintered bulk was

cut into pieces on low-speed diamond saw and then

applied to various characterizations.

2.2 Structural characterization
and thermoelectric transport properties

Powder X-ray diffraction (PXRD) data were collected

on D8-ADVANCE diffractometer with CuKa radia-

tion to check the phase composition. The morpholo-

gies and elemental distributions were observed on

Nano-SEM430 field-emission scanning electron

microscopy (FE-SEM) and X-ray energy-dispersive

spectroscopy (EDS), respectively. The
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microstructures were observed on Talos F200S high-

angle annular dark-field scanning transmission elec-

tron microscopy (STEM). Bright-field and high-angle

annular dark-field (HAADF) STEM images were

photographed to get information of the atomic

arrangement. The room-temperature Hall coefficient

and carrier concentration were measured on Resi-test

8300 Hall effect tester. The electrical transport prop-

erties were measured by the standard four-probe

method on Joule Yacht/Namicro-3 test system from

room temperature to 773 K. Thermal diffusion coef-

ficients were measured on LFA-427 laser thermal

conducting instrument from room temperature to

773 K and the total thermal conductivity j was sub-

sequently determined according to j = CpDd, where

Cp, D, d are heat capacity (0.23 J�g-1�K-1 [20]), ther-

mal diffusion coefficient, and density. The electronic

thermal conductivity jel was determined according to

jel = LTr, where L, T, r are Lorenz number

(2.0 9 10-8V2K-2 [19]), temperature, and conductiv-

ity. Finally, the lattice thermal conductivity was

obtained as jlat as jlat = j-jel.

3 Results and discussion

3.1 Structural characterization

Figure 1a shows the powder XRD patterns of Inx-
Co4Sb12 after SPS, and all major diffraction peaks are

indexed to the body-centered cubic CoSb3 phase

(Im3, JCPDS#89-4871). In comparison with the sam-

ples synthesized via traditional melting and solid-

state reaction, the synthesis time is shortened from

hours or a dozen hours to 5 min [16, 18]. Figure 1b

shows the magnified XRD patterns of InxCo4Sb12
between 23� and 40�, and InSb is found in all samples.

InSb and other eutectic impurity phases, i.e., CoSb2,

Co, and Sb are clearly observed in the samples with

the nominal indium fraction x higher than 0.80,

indicating that the eutectic reaction in In–Sb–Co

system seems to be unavoidable [16]. The diffraction

peak intensity of eutectic impurity phases increases

with the increased indium fraction, suggesting that

there is a solubility limit of indium in CoSb3 which is

generally considered as 0.22–0.27 according to dif-

ferent reports [24]. As shown in Table 1, the lattice

constants of 9.053–9.058 angstrom for InxCo4Sb12
calculated by Jade6 are very close to that of the In-

single-filled skutterudites achieved via different

methods [16, 25].

As given in Table 1, the densities of InxCo4Sb12
with increasing indium fractions are 7.26, 7.41, 7.42,

7.38, and 7.64 g/cm3, respectively, measured by

Archimedes’ drainage method, which are close to the

theoretical density of pristine CoSb3 of 7.64 g/cm3

[26]. The relative density of the sample reaches about

94%, and the good densities effectively enhance the

charge transport which affects the electrical proper-

ties. Figure 2a and b shows the FESEM images of the
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patterns of InxCo4Sb12 and

b magnified PXRD patterns

between 23� and 40�
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cross sections of In0.4Co4Sb12 and In0.6Co4Sb12,

respectively. The average grain size of In0.4Co4Sb12
and In0.6Co4Sb12 were measured as 15.9 and 16.8 lm
(Nano Measurer/Fudan University), while the grain

size and numbers of grain boundaries are close to

each other. As marked by red circles in Fig. 2a and b,

a large number of micron and submicron pores were

found in the matrix grains, which may be attributed

to the evaporation of residual trace air. The inset

image in Fig. 2b shows the EDX spectra of an area of

a rectangular with height–width of 48.5 9 69.7 lm in

In0.6Co4Sb12. The EDX result reveals that the molar

ratios of In, Co, and Sb are 4.22%, 22.4%, and 73.38%,

respectively, suggesting the presence of InSb in the

selected region consistent with the PXRD detection

result in Fig. 1b.

The microstructures of In0.6Co4Sb12 are further

examined. Figure 3b shows the BFSTEM image of

In0.6Co4Sb12, and it shows relatively complete CoSb3
host grains and clear grain boundaries. Figure 3a and

c shows the HRSTEM images of the selected red

frame regions in Fig. 3b, respectively. Figure 3a dis-

plays the inner lattice fringes inside CoSb3 grain, and

it shows no obvious dislocation. The insets show the

fast Fourier transform (FFT) image and atomic

arrangement of the selected red box regions, respec-

tively. Figure 3b displays the HRSTEM image of

grain boundary, and the FFT and inverse fast Fourier

transform (IFFT) images acquired from the selected

square red wireframe region. Significant screw dis-

locations are found on grain boundary, and the dis-

location lines are basically parallel to the slip

direction indicated by the red arrow. Figure 3e shows

the BFSTEM image of In0.6Co4Sb12 and it shows high-

concentration dislocations and remarkable distor-

tions. The corresponding HRSTEM images for the

selected red frame regions are shown in Fig. 3d and f,

respectively. The IFFT images clearly show the

details of edge dislocations inside CoSb3 grain. The

eutectic reaction results in the uneven distribution of

impurity atoms in CoSb3 host grains, and the ultra-

high heating rate introduced by microwave and

subsequent air quenching provides a condition for

the generation of supersaturated vacancy [27], as a

Table 1 Related physical

properties of InxCo4Sb12 at

room temperature

Nominal composition a (Å) q (g/cm3) d (%) n (cm-3) lH (cm2/Vs) m* (me)

CoSb3 [22] 9.0347 7.51 5.14 9 1017 69.8 0.025

In0.4Co4Sb12 9.0528 7.26 96.29 1.86 9 1020 14.1 2.77

In0.6Co4Sb12 9.0569 7.41 96.96 4.77 9 1020 3.5 4.59

In0.8Co4Sb12 9.0551 7.42 95.80 2.33 9 1020 4.5 2.63

In1.0Co4Sb12 9.0577 7.38 94.03 1.73 9 1020 7.4 2.00

In1.2Co4Sb12 9.0581 7.64 96.09 1.68 9 1020 9.7 1.92

Fig. 2 Field emission SEM (FESEM) image of the cross sections

of a In0.4Co4Sb12 and b In0.6Co4Sb12, and the EDX spectra of an

area of a rectangular with height–width of 48.5 9 69.7 lm in

In0.6Co4Sb12 (inset)
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result to promote the formation of dislocations. High-

concentration dislocations can effectively scatter

medium wavelength phonons and further decrease

the lattice thermal conductivity, and this enhance-

ment mechanism has been confirmed and applied in

the optimization design of variety of thermoelectric

materials [1, 11, 28].

3.2 Thermoelectric transport performances

The variations of room-temperature carrier concen-

tration and mobility with indium nominal fraction

are shown in Table 1 and Fig. 4a. The carrier con-

centrations of binary CoSb3 and InxCo4Sb12 are

5.14 9 1017 and 1.68 9 1020 * 4.77 9 1020 cm3,

respectively, which are increased by two or three

orders of magnitude after filling treatment. Although

indium atoms in filled skutterudites can be regarded

as ionic impurities, the carrier still experiences the

transport dominated by electron–phonon scattering,

indicating that indium filling can increase carrier

concentration by enhancing electron–phonon scat-

tering. This mechanism is not affected by the type of

filler, but they can provide different number of car-

riers to achieve the optimal electric transport perfor-

mance of the whole system. That is the reason why

the carrier concentrations observed in the present

samples are close to those of other single-filled or

multi-filled skutterudites [11, 14, 19, 20]. The carrier

concentration in InxCo4Sb12 first increases and then

decreases with the increasing indium fractions,

which is similar to literature reports [12]. The possi-

ble reason is that samples with different filling frac-

tions have different effects on the lattice potential

field, which is related to the effective mass due to

various phase compositions. As shown in Table 1, the

effective masses m� of the samples with x = 0.4, 0.6,

0.8, 1.0, and 1.2 are, respectively, calculated as 2.77,

4.59, 2.63, 2.00, and 1.92 me (me is the bare electron

mass) according to the single parabolic band (SPB)

model. Apparently, the variation trend of carrier

Fig. 3 a HRSTEM image of CoSb3 host grain, the top left inset

and bottom right inset, respectively, show the FFT and enlarge

image in red box region; b BFSTEM image of CoSb3 host grain

and grain boundary in In0.6Co4Sb12; c HRSTEM image of CoSb3
grain boundary, the upper right and bottom right insets,

respectively, show the inverse FFT and FFT images in red box

region; d HRSTEM image of CoSb3 host grain, the insets,

respectively, show the inverse FFT images in red box region;

e BFSTEM image of CoSb3 host grains and dislocations in

In0.6Co4Sb12; f HRSTEM image of CoSb3 host grain, the inset

shows the inverse FFT image in red box region
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concentration is completely consistent with that of

effective mass. The carrier concentration of

4.77 9 1020 in In0.6Co4Sb12 is close to the optimum

carrier of 5.0 9 1020 for filled skutterudites [11, 14].

The mobility increases with the increase of the filling

fraction when the indium content x C 0.4. It has been

reported that the carrier mobility of InSb is as high as

104 cm2/Vs [29], hence the increase of mobility may

be related to the increase of InSb secondary phase

content of larger indium fraction. Since the carrier

mobility is negatively correlated with the effective

mass, the variation trend of carrier mobility is just

opposite to the variation trend of effective mass.

Figure 4b shows the temperature dependence of

electrical conductivity of InxCo4Sb12 between room

temperature and 773 K. The electrical conductivity

decreases with temperature thus exhibiting a semi-

metallic or degenerate semiconducting behavior. The

room-temperature electrical conductivity of InxCo4-
Sb12 in the order of indium fraction is, respectively,

224, 236, 238, 243, and 253 times larger than that of

the pristine CoSb3 [27]. The variation of room-

temperature electrical conductivity in the order of

indium fraction is exactly consistent with the product

of carrier concentration and mobility list in Table 1.

Similar to the literature reports [16–18, 21], as indium

fraction increases, the electrical conductivity increa-

ses, indicating that InSb phase in InxCo4Sb12 acts as

an n-type dopant to provide more impurity carriers

and increase the mobility.

Figure 4c shows the temperature dependence of

Seebeck coefficient of InxCo4Sb12 between room

temperature and 773 K. The absolute values of the

Seebeck coefficient of n-type InxCo4Sb12 increase with

temperature exhibiting a semi-metallic or degenerate

semiconducting behavior. The variation trends of

Seebeck coefficient with indium fraction are just

opposite to those of electrical conductivity. The See-

beck coefficient is also proportional to the effective

mass and inversely proportional to the two-thirds

power of carrier concentration. The maximum values

of the Seebeck coefficients are - 214.0, - 206.9,

- 196.2, - 187.1, - 181.1 lVK-1 in the order of filling

fractions, respectively.
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The comprehensive electrical properties are deter-

mined by power factor which is defined as PF = Sr2.

The temperature dependence of the power factors of

InxCo4Sb12 is shown in Fig. 4d. The power factors

increase with indium fraction, and they increase ini-

tially from room temperature to about 673 K and

then decrease between 673 and 773 K. The maximum

power factors of 3861 and 3729 lWm-1 K-2 are

observed from In0.4Co4Sb12 and In0.6Co4Sb12,

respectively.

Figure 5a shows the total thermal conductivity of

InxCo4Sb12 as a function of temperature between 300

and 773 K. The room-temperature thermal conduc-

tivity is significantly reduced in comparison with that

of the pristine CoSb3. The room-temperature thermal

conductivity of CoSb3 is 9.22 Wm-1 K-1, while it is,

respectively, lowered to 3.35, 3.33, 4.12, 4.39, and

4.90 Wm-1 K-1 in the order of filling fractions. Over

the entire test temperature range, the thermal con-

ductivity basically decreases with filling fractions.

Furthermore, the thermal conductivity of all the

samples decreases with increasing temperature from

room temperature to 673 K, and increases slightly

with increasing temperature from 673 to 773 K. The

minimum thermal conductivity of all the samples,

respectively, are 2.61, 2.42, 2.94, 3.25, and

3.47 Wm-1 K-1 in the order of filling fractions. The

upper right inset displays the variations of electron

thermal conductivity for all samples, as it shows that

the electron thermal conductivity strictly increases

with the increased filling fractions and its contribu-

tion to the total thermal conductivity increases

gradually.

Figure 5b shows the lattice thermal conductivity of

InxCo4Sb12 as a function of temperature between 300

and 773 K, and its variation trend is consistent with

that of total thermal conductivity. Apparently, the

variation trend of the lattice thermal conductivity in

InxCo4Sb12 is very similar to that of the total thermal

conductivity, and it makes a major contribution to the

total thermal conductivity within the investigated

temperature range. The minimum values of lattice

thermal conductivity, respectively, are 1.48, 1.12, 1.69,

1.86, and 2.02 Wm-1 K-1 in the order of filling frac-

tions. As shown in Fig. 2, much more sintering pores

were found in In0.6Co4Sb12 than those of In0.4Co4Sb12,

which results in further reduction of lattice thermal

conductivity via scattering more low-frequency

phonons [17]. The lowest lattice thermal conductivity

of 1.12 Wm-1 K-1 in In0.6Co4Sb12 in the present study

is remarkably low as compared with that of similar

compositions which are fabricated using different

procedures [16, 30, 31].

Figure 6a shows the temperature dependence of

thermoelectric figure of merits (ZT). The ZT for the

In-filled InxCo4Sb12 increases with temperature.

In0.6Co4Sb12 shows the maximum ZT of 1.15 at 773 K.

It is noted that larger values may be achieved at a

higher temperature. The highest ZT in this work is

larger than those of In-single-filled skutterudite

samples produced by other techniques [17, 21, 31],

and it is very close to that of the state-of-the-art

samples reported in literatures [16, 24]. Figure 6b

shows the Seebeck coefficients, PF and ZT for all

concentrations of samples at 773 K. In0.6CoSb3 sam-

ple obtained moderate Seebeck coefficient and the

highest PF and ZT values. This work provides a

promising technique for the manufacturing of high-

performance thermoelectric bulks. Moreover, the

thermoelectric transport performances still have

potential for further optimization.
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4 Conclusion

In summary, a new technology to fabricate In-single-

filled n-type InxCo4Sb12 skutterudites thermoelectric

bulks via Microwave synthesis combined with SPS

sintering is described. Skutterudites phase was

obtained in 5-min microwave heating time. InSb

second phase is found in all samples and the solu-

bility limit of indium is around 0.2–0.3 for CoSb3.

Indium atoms optimize the carrier concentration by

resonance scattering, and InSb phase may act as an

n-type dopant to provide more impurity carriers and

increase the mobility. The maximum power factors of

3861 and 3729 lWm-1 K-2 are observed from In0.4-
Co4Sb12 and In0.6Co4Sb12, respectively. In0.6Co4Sb12
shows the highest ZT of 1.15 at 773 K and possible

larger values can be achieved at a higher tempera-

ture. Future work, such as the multiple filling of

indium in combination with other elements, is

expected to further improving the comprehensive

electrical properties and reduce the lattice thermal

conductivity synchronously.
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