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Abstract

High purity CoSb3, Ni0.06Co0.94Sb3 and In0.13Co4Sb12 were synthesized from ox-

ides by magnesioreduction. This novel synthesis route to CoSb3-based skut-

terudites directly yields highly cristalline powders with submicronic grain size.

Densified mesostructured pellets with an average grain size ranging between

550 and 800 nm were obtained by spark plasma sintering. The strong phonon

scattering induced by the mesostructuration leads to a lattice thermal conduc-

tivity reduction up to 25 % for CoSb3 and Ni0.06Co0.94Sb3 at 300 K without

significantly degrading the electronic properties. Consequently, maximum ZT

figures-of-merit of 0.09, 0.60 and 0.75 are found for CoSb3, Ni0.06Co0.94Sb3 and

In0.13Co4Sb12, respectively, showing the ability of this scalable process to reach

the best performances reported in literature for these compositions at moderate

temperature and annealing duration.
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1. Introduction1

Thermoelectric materials (TM) enable the direct conversion of a temperature2

gradient into voltage, thus offering the opportunity to directly exchange wasted3

heat into electricity by highly reliable solid state power generators. However,4

TM-based technologies are still only used in niche applications because of the5

low performances, high cost or complex synthesis of the currently available6

materials [1]. Among them, CoSb3-based skutterudites have attracted great7

attention as promising mid-temperature TM due to their high power factor8

PF = α2/ρ (where α is the Seebeck coefficient and ρ the electrical resistiv-9

ity), good mechanical properties and relatively abundant constituting chemi-10

cal elements [2, 3, 4, 5]. However its thermal conductivity κ is high - up to11

9 W m−1 K−1 at 293 K in polycristalline CoSb3 [6] - mainly due to the lattice12

(phonon) contribution κL and much less to the charge carrier contribution κe,13

with κ = κL + κe.14

Any attempt to improve the dimensionless thermoelectric figure-of-merit ZT,15

defined as:16

ZT =
α2

ρ(κL +κe)
T (1)

in CoSb3 involves (i) the optimization of PF by adjusting the carrier concentra-17

tion in the semiconducting material and (ii) the reduction of κL. The latter can18

be achieved by creating phonon scattering centers at different length scales in19

the materials:20

(i) At the atomic scale, the most common strategy consists in partially filling21

the icosahedral 2a crystallographic position of skutterudite structure with heavy22

atoms. The low energy phonons introduced by the filler atom as well as the mass23

fluctuation arising from its random occupancy both scatter the heat carrying24

phonons resulting in a strongly reduced κL [7, 8, 9, 10]. Chemical doping on25

the Co- or Sb-sublattice, which is necessary to achieve optimal charge carrier26

concentration, has also been shown to affect the thermal conductivity via the27

mass fluctuation phenomenon [11, 12].28
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(ii) At the microstructural scale, grain boundaries in bulk polycrystalline ma-29

terials also act as effective phonon-scattering centers [13, 14]. Their effect is30

highly intensified in nano- or mesostructured materials where κL can be reduced31

by more than 35 % compared to identical materials with much larger grain32

size [15, 16]. As a result, it stimulates the development of alternative synthe-33

sis routes more suitable for the production of submicronic powders than tradi-34

tional melting-annealing methods, such as ball-milling / spark plasma sintering35

(SPS) [17, 18], severe plastic deformation [19], melt spinning [20, 21], com-36

bustion synthesis [22], flash-spark plasma sintering [23], high-pressure synthe-37

ses [24, 25], gas atomization [26] or solution proceed [27, 28]. Improvement38

of ZT by this approach can only be realized if the decrease of κ is not counter-39

balanced by a decrease of PF due to overly enhanced electron scattering at the40

grain boundaries.41

Phonons being more likely scattered by defects with sizes close to their wave-42

lengths, the creation of defects at different length scales in the material, often43

refereed as ‘all-scale hierarchical architectures’, offers the possibility to scat-44

ter phonons over a broader energy spectrum, thus reducing κ more efficiently45

[1, 29, 30, 31]. Very recently, this multi-scale approach have been success-46

fully employed with nanostructured filled-skutterudites [32, 33], porous doped-47

skutterudites [34, 35] or formation of nanoinclusions in filled- and doped-48

skutterudites [36, 37].49

With this approach in mind, we developed the magnesioreduction synthesis50

of pristine, Ni-doped and In-filled CoSb3 according to the reaction:51

1
3

Co3O4 +
3
2

Sb2O4 +
22
3

Mg 810 K−−−→
84 h

CoSb3 +
22
3

MgO (2)

This new synthesis route to CoSb3-based skutterudites, inspired from indus-52

trial pyrometallurgical processes (e.g. Kroll’s process), yields powders with sub-53

micronic grain size that can be readily used for the sintering of mesostructured54

densified materials [38]. It offers other advantages such as the use of air stable55

and cheap oxides as precursors, relatively low temperature and short reaction56

3



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

time compared to conventional melting/annealing synthesis, good control of the57

chemical composition and high yield. In this article, the structural, microstruc-58

tural and thermoelectric characterizations of these materials are reported and59

compared to literature data on similar materials (either mesostructured or not)60

prepared by conventional synthesis routes.61

2. Experimental procedures62

2.1. Synthesis of CoSb3 by magnesioreduction63

The first step of the synthesis consists in the preparation of an intimate mixture64

of Co3O4 (Sigma-Aldrich, 99.9 %) and Sb2O4 (Sigma-Aldrich, 99.995 %) with a65

molar ratio of 1:5.4 (20 % excess of Sb2O4) by thoroughly grinding the powders66

together in a vibrating mill (Retsch MM200) for 20 min at 25 Hz using tungsten67

carbide vial and ball. The oxide mixture was then cold-pressed at 250 MPa into68

Ø 10 mm pellets with approximately 2 mm height. Two pellets were stacked69

together on top of a Mg chips bed (Strem, ≥ 99 %) lying at the bottom of a70

Mo crucible (Fig. 1). The quantity of Mg needed to complete the reduction71

was determined from the masses of Co3O4 and Sb2O4 to be reduced plus an72

additional 2-3 % excess. The Mo crucible is then closed and placed in an argon-73

filled Inconel tube to prevent its oxidation during the thermal process. The74

reactor was heated up to 810 K at 100 K h−1 and held at this temperature for75

84 h before being cooled down to room temperature. After the reaction, CoSb376

remains in the shape of compact pellets and could easily be separated from the77

loose MgO. The powders were spark plasma sintered (FCT HP-D-10 system) in78

Ø 10 mm graphite dies at 910 K and 66 MPa for 5 min with heating/cooling79

ramps of 100 K min−1.80

2.2. Synthesis of Ni0.06Co0.94Sb3 and In0.13Co4Sb12 by magne-81

sioreduction82

The synthesis of Ni-doped and In-inserted CoSb3 was attempted from a mixture83

of cobalt, nickel/indium and antimony oxides. Nevertheless, the primary for-84
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Fig. 1: Experimental procedure for the synthesis of CoSb3-based skutterudites by magnesioreduction
of the corresponding (un-)doped Co3O4 and Sb2O4 oxide precursors (yellow pellet). See text for
details.

mation of NiSb2 and InSb during the magnesioreduction process did not allow85

to obtain pure samples in relatively fast and low temperature conditions. Mixed86

precursor oxides were thus prepared in order to start from an intimate mixture87

of metallic ions to speed up the process.88

For the preparation of Ni0.18Co2.82O4 precursor, Co(NO3)2.6H2O (Fluka, ≥89

98%) and Ni(NO3)2.6H2O (Fluka, ≥ 99%) were dissolved in distilled water90

with a molar ratio of about 16:1. The solution was stirred for 30 min and91

evaporated at 363 K. The slurry was ground before being decomposed in air at92

573 K for 4 h leading to the formation of a black powder. The Bragg peaks of93

the X-ray diffraction (XRD) patterns correspond to the Co3O4 structure (Fd3̄m)94

with lattice parameter a = 8.0905(5) Å (Fig. SI.1), suggesting the insertion95

of Ni in Co3O4 (a ≈ 8.086 Å). Accordingly, the metal ratio determined by X-ray96

energy dispersive spectroscopy (EDS) is in good agreement with the expected97

Ni0.18Co2.82O4 composition.98

For the preparation of In0.10Co2.90O4 precursor, CoCl2.6H2O (Prolabo, 99.9 %)99

and In(NO3)3.xH2O (home made by dissolving metallic indium in concentrated100

nitric acid) were dissolved in distilled water with a molar ratio of about 29:1101

under vigorous stirring. Then a suitable amount (+20 % excess) of NaOH was102

added to form the metal hydroxides. The blue precipitate was then centrifuged,103

washed with water and ethanol, dried overnight at about 363 K and calcinated104

at 723 K to obtain the corresponding oxide. Powder XRD pattern (Fig. SI.2)105

shows broad diffraction peaks corresponding to the Co3O4 structure. Le Bail106
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refinement of the experimental pattern nevertheless converges to a cell param-107

eter a = 8.102(7) Å which could indicate the insertion of In on the Co-lattice108

in agreement with recent results by Ma et al. [39].109

From these Ni0.18Co2.82O4 and In0.10Co2.90O4 precursors, Ni0.06Co0.94Sb3 and110

In0.13Co4Sb12 were synthesized using the same procedure as for CoSb3, at iden-111

tical temperature and duration.112

These compositions have been selected as (i) the optimized carrier concen-113

tration for Ni-doped sample [40, 41] and as (ii) a composition close to those114

usually presented in articles dealing with In-inserted skutterudites [42, 43, 44,115

45, 46, 47].116

2.3. Materials characterization117

The crystal structure and purity of the samples were checked by powder XRD us-118

ing a Bruker D8 Advance diffractometer in the Bragg-Brentano geometry work-119

ing with a monochromatized Cu Kα1 radiation (λ = 1.5406 Å). The diffractome-120

ter is equipped with a 1D LynxEye detector with a photon energy discrimina-121

tion around 20 % thus reducing the cobalt fluorescence signal. Lattice constants122

were determined by Le Bail refinements as implemented in the FullProf Suite123

software [48].124

Scanning electron microscopy (SEM) images, energy dispersive spectroscopy125

(EDS) and electron backscattering diffraction (EBSD) were performed using a126

JEOL JSM 7100 F microscope equipped with an Oxford EDS SDD X-Max spec-127

trometer and an EBSD HKL Advanced Nordlys Nano detector. Preparation of128

the powder samples for SEM analyses consisted in a mere deposition on carbon129

tape followed by metallization with carbon. As for the densified samples, the130

pellets were successively polished with SiC, diamond paste and colloidal silica131

and pasted on SEM holders using silver lacquer. Samples for the transmission132

electron microscopy were first thinned by dimpling with colloidal silica and then133

by Ar ion milling using a Fischione Ion Mill 1010 operating at 4.5 kV and 5 mA.134

Transmission electron microscopy (TEM) analyses were performed on a JEOL135

2100 LaB6 instrument operating at 200 kV and equipped with a high resolution136
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Gatan US1000 camera, and an Orius 200D camera.137

The Seebeck coefficient α(T) and electrical resistivity ρ(T) measurements138

were realized using a home made apparatus described elsewhere [49]. Thermal139

diffusivities were measured in argon atmosphere with the laser flash method us-140

ing a Netzsch LFA 457 equipment. The total thermal conductivity κ was deter-141

mined by multiplying the thermal diffusivity, the specific heat calculated from142

the Dulong-Petit law and the experimental density of the samples.143

3. Results and discussion144

3.1. Structural and microstructural characterization of as-synthesized145

and SPSed materials146

Fig. 2: Experimental XRD patterns of the as-synthesized skutterudite powders and theoretical one
calculated with FullProf [48] from cell parameters and atomic positions given in [50] and peak pro-
file function from the utilized diffractometer. The inset shows the shift of the (653) diffraction peak
of the CoSb3 structure (systematic peak shift due to sample displacement is corrected) revealing the
lattice parameter evolution among the samples.

The powder XRD patterns of pristine and Ni-doped CoSb3 (Fig. 2) are fully147
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indexed according to the skutterudite structure, revealing a single phase prod-148

uct. Only few traces of InSb (F4̄3m) and Sb (R3̄m) are visible on the XRD pattern149

of the indium containing compound. Le Bail fitting of the XRD patterns results150

in cell parameters of a = 9.0350(2), 9.0434(1) and 9.0443(6) Å for CoSb3,151

Ni0.06Co0.94Sb3 and ‘In0.13Co4Sb12’, respectively, indicating an effective substitu-152

tion by nickel on the cobalt site and insertion of indium in the cages of the struc-153

ture [44, 51, 52]. By comparison with literature data, one can expect chemical154

compositions close to Ni0.06Co0.94Sb3 and In0.10Co4Sb12 from these lattice pa-155

rameter values [40, 53]. The discrepancy with the targeted In-concentration156

could be explained by some residual InSb binary compound in the sample. The157

diffraction peaks exhibit very narrow profiles characteristic of well-crystallized158

matter which may favor the electrical transport in these materials. Surprisingly,159

no traces of MgO are visible on these patterns which is quite unusual for such a160

process [54, 55, 56] and may result either from the absence of this by-product161

or from its amorphous nature, the reaction being carried out at a relatively low162

temperature.163

SEM examination of the obtained powders reveals faceted submicronic grains164

(Fig. 3). The grain size ranges from 300 nm to 1 µm for CoSb3 and its Ni-165

doped counterpart and from 100 nm to 1 µm for the In-inserted skutterudite.166

Such small particles are required to lower the thermal conductivity and are usu-167

ally obtained by high energy ball-milling with both risks of contamination from168

the milling material and decomposition of the phase. In agreement with the169

narrow XRD peaks, the shape of most of the grains clearly indicates their sin-170

gle crystalline nature. EDS analyses of the Ni-doped CoSb3 powders confirm171

the presence of Ni in the sample with a concentration of ≈ 1 at.%. On the172

other hand, no characteristic X-ray emission peaks of In could be detected for173

the filled skutterudite and this could be explained by the low concentration of174

the element in the material (< 1 at.%) being below the detection limit of the175

technique. No signal of Mg is visible on the X-ray emission spectra from all the176

samples.177

Both XRD and EDS analyses indicate the absence of MgO in the as-synthesized178
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Fig. 3: Secondary electron SEM images of the as-synthesized (a) CoSb3 (b) Ni0.06Co0.94Sb3 and (c)
In0.13Co4Sb12 at two different magnifications.

products. In addition, TEM observations coupled with EDS analyses did not179

reveal any traces of Mg or MgO particles in the samples. Together with the re-180

tention of both mixed-oxide pellet and magnesium turning shapes, and based181

on the Ellingham diagram [57] for the metals in presence, we hypothesize182

solid-gas driven reduction reactions at 810 K: Mg consumes the residual O2183

atmosphere in the crucible (peq(O2) = 10−63 Pa) inducing the decomposition of184

Co3O4 (peq(O2) = 10−19 Pa) and Sb2O4 (peq(O2) = 10−14 Pa) into native metals185

that readily react together to form the skutterudite phase.186

Spark plasma sintering was used to prepare the skutterudite pellets because187

it can achieve high densities in short sintering times thus limiting grain growth188

during the densification process. With the sintering conditions given in 2.1,189

relative densities ranging from 96 to 97 % were obtained (Table 1).190

Le Bail fitting of the XRD patterns measured on sintered pellets polished191
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surfaces (Fig. 4 and SI.4) do not show significant evolution of the unit cell192

parameter for CoSb3 and Ni0.06Co0.94Sb3 (a = 9.0361(2) and 9.0428(1) Å,193

respectively). A significant increase up to a = 9.0482(3) Å is observed for194

In0.13Co4Sb12, which, together with the disappearance of the InSb Bragg peaks,195

is attributed to a higher insertion of indium in the cages available in the skut-196

terudite structure. Considering the low melting point (789 K) reported for InSb197

[58], its reactivity with the skutterudite matrix during the sintering process per-198

formed above this melting point was expected. Only a very small amount of199

antimony (R3̄m) could be detected by XRD after sintering and it was found to200

represent less than 1 wt.% of the sample. The latter cell parameter corresponds201

to the composition InxCo4Sb12 with 0.13≤ x≤ 0.15, depending on the literature202

data [42, 53].203

Fig. 4: Experimental XRD patterns of the sintered skutterudite pellets and theoretical one calculated
with FullProf [48] from cell parameters and atomic positions given in [50] and peak profile function
from the utilized diffractometer. The inset shows the shift of the (653) diffraction peak of the
CoSb3 structure (systematic peak shift due to sample displacement is corrected) revealing the lattice
parameter evolution among the samples.

SEM-EDS analyses performed on several spots of the polished surfaces gives204
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a mean Ni concentration of 1.5 at.% for the Ni-doped samples, which is in good205

agreement with the targeted and crystallographic compositions. This composi-206

tion is homogeneous through the analyzed polished surface and no concentra-207

tion gradient is observed. As for the powders, no significant In or Mg content208

could be detected on any samples by EDS analyses which means that those ele-209

ments are in concentration below the detection limit of the technique.210

Fig. 5: Secondary electron SEM images of the pellet cross-sections (left) showing some residual
porosity (circled in red). EBSD mappings (middle) of the polished pellet surfaces and histograms
(right) showing the distribution of grain sizes determined from EBSD maps for the SPSed CoSb3
(bottom), Ni0.06Co0.94Sb3 (middle) and In0.13Co4Sb12 (top) skutterudites.

In order to check how sintering affects grain size, electron backscattering211

diffraction (EBSD) and SEM imaging (Fig. 5) were performed on polished sur-212

faces and on broken cross-sections of the pellets, respectively. SEM imaging213

reveals some closed porosity (encircled in red) which is responsible for the full214

densification deviation. EBSD mappings were realized on a 1750.5 ± 9.5 µm2
215

area with a step size of 100 nm for CoSb3 and In0.13Co4Sb12 and 50 nm for216

Ni0.06Co0.94Sb3 to distinguish better smaller grains. Kikuchi lines were well in-217

dexed using the skutterudite structure and cell parameters obtained from XRD,218

and only a few non-indexed areas were found on the 3 pellets. First of all, one219
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can notice a random distribution of the grains orientation throughout the ana-220

lyzed areas. Then submicronic particles are found to cover the majority of the221

surface in all cases, with apparent smaller sizes for the Ni-doped antimonide222

compared to the other two compounds.223

Table 1: Summary of the main structural and microstructural features of the sintered skutterudite
pellets used for the thermoelectric characterizations

Nominal composition a [Å] Impurity [wt.%] Average grain size [nm] Relative density [%]
CoSb3 9.0362(4) None 784 ± 376 96

Ni0.06Co0.94Sb3 9.0428(3) None 580 ± 336 97
In0.13Co4Sb12 9.0482(3) Sb (<1) 617 ± 292 97

In order to quantify these observations, image analyses were performed us-224

ing the Channel 5 software (HKL Technology) by considering all the diffracting225

domains containing at least 7 pixels (i.e. ∼0.07 µm2) for CoSb3 and In0.13Co4Sb12226

and at least 14 pixels (i.e. ∼0.035 µm2) for Ni0.06Co0.94Sb3. The particles size227

distribution (diameter of an equivalent circle with equal surface, Fig. 5) clearly228

shows a majority of submicronic particles. This distribution has been fitted us-229

ing a log-normal distribution function:230

f (x) =
A

xσ
√

2π
.exp(− [ln(x)−µ]2

2σ2 ) (3)

where A, µ and σ are the fitting parameters. From µ and σ values, the average231

grain size D and its standard deviation SD can be calculated using the formulae:232

D = exp(µ +
σ2

2
) (4)

SD = [(exp(σ2)−1).exp(2µ +σ
2)]

1
2 (5)

The average grain sizes are found to range from 780 nm for CoSb3 down to233

580 nm for Ni0.06Co0.94Sb3 with intermediate values for the In-inserted phase234

(Table 1).235

Such small grain sizes induce numerous grain boundaries, which along the236

presence of defects due to crystal orientation mismatches might be efficient to237
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Fig. 6: TEM brightfield images of thinned CoSb3 sintered pellet. (a) Typical global area, (b) strips
indicating lattice distortions originating from dislocations high density at the grain boundaries (red
arrows), (c) nano-scale porosities (encircled in red) and (d) HRTEM image showing the crystallinity
of the grain boundaries

decrease the lattice thermal conductivity. It was shown that dislocations or238

nanoscale porosity/precipitate can efficiently reduce the skutterudites thermal239

conductivity by phonon scattering [30, 59, 60]. In order to demonstrate the ex-240

istence of such defects in our materials, CoSb3 sintered pellet grains boundaries241

have been investigated by TEM. Fig. 6a shows a typical area of the thinned242

pellet where the observations were realized. At this magnification, proper tilt-243

ing of the sample reveals stripes originating from boundaries and propagating244

inside the grains (Fig. 6b). Contrast between those stripes arises from slight245

deviation from the diffraction condition and evidences large lattice constraints246

in the crystal. These are common to sintered materials as they originate from247

high density of dislocations, which are in the present case, mostly located close248

to or at the grain boundaries (red arrows). HRTEM examination of such grain249

boundaries (Fig. 6d and SI.5) reveals that they are well-crystallized and free250

of any amorphous layer. Two major kinds of defects are evidenced in Fig. SI.5251

taken on a semi-coherent lattice interface. Typical dislocations appear inside252

the grains (Fig. SI.5b) while two dimensional analogues of dislocations [61]253

are created at the interface between the grains (Fig. SI.5c), both types being254

13
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able to scatter mid-wavelength phonons.255

As shown in Fig. 6c, some porosity with nanometric size (encircled in red)256

is also observed at the grain boundaries and can also act as efficient phonon257

scattering centers.258

All these observations are quite common for sintered materials and are not259

a special feature resulting from the magnesioreduction synthesis. However, an260

exacerbated effect on the thermal conductivity is expected in MR-materials be-261

cause of the high grain boundary concentration leading to an elevated defect262

concentration.263

264

3.2. Thermoelectric characterizations265

The electrical resistivities, Seebeck coefficients and thermal conductivities have266

been determined in the temperature range 300-800 K where skutterudites usu-267

ally present their maximum ZT value.268

The electrical resistivity and Seebeck coefficient of the three pellets are269

shown in Fig. 7a and 7b. CoSb3 shows a semiconducting shape of ρ(T) in270

the 300-800 K temperature range and the α(T) evolves from strongly nega-271

tive at room temperature to positive at 800 K with a sign change at 600 K at-272

tributed to the intrinsic regime caused by holes activation through the band gap273

[62, 63, 43]. The electrical resistivity of the Ni-doped and In-inserted skutteru-274

dites are strongly reduced to respectively 14.5 and 16.0 µΩ.m at 300 K confirm-275

ing the insertion of these elements in the crystal structure. The n-doping is con-276

firmed by the stabilized negative value of α(T) in both cases, ranging between277

-120 and -200 µV K−1 for Ni0.06Co0.94Sb3 and between -180 and -240 µV K−1
278

for In0.13Co4Sb12 in the investigated temperature range. The electrical resistivi-279

ties and Seebeck coefficients are in very good agreement with those reported280

for similar compositions of Ni-doped [41, 64] and In-filled [44, 65] CoSb3.281

These values lead to an increase of the maximum PF (Fig. 7c) from about 1282

mW m−1 K−2 at 400 K for CoSb3 to 3 and 3.5 mW m−1 K−2 for Ni0.06Co0.94Sb3283

at 700 K and In0.13Co4Sb12 at 600 K, respectively. The small grain sizes and284
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thus a high concentration of grain boundaries do not seem to alter the sample285

transport properties that are dominated by the high crystallinity of the powder286

particles.287

Fig. 7: High-temperature dependence of (a) the electrical resistivity, (b) Seebeck coefficient, (c)
power factor, (d) total (symbols) and lattice (solid colored lines) thermal conductivity and (d)
figure-of-merit ZT of ( ) CoSb3, ( ) Ni0.06Co0.94Sb3 and ( ) In0.13Co4Sb12. Standard deviations
have been estimated to 6 %, 8 %, 13 %, 11 % and 18 % for electrical resistivity, Seebeck coefficient,
power factor, thermal conductivity and figure-of-merit ZT, respectively, according to [66]

Table 2: Measured total thermal conductivity and calculated lattice thermal conductivity in
W m−1 K−1 of CoSb3, Ni0.06Co0.94Sb3 and In0.13Co4Sb12 at 300 K and 800 K compared to the thermal
conductivities of macrostructured compounds with similar compositions reported in literature.

MR samples Literature data
300 K 800 K 300 K 800 K (700 K*)

CoSb3
κ

κL

6.5
6.5

3.7
3.4

11.1 [43], 9.2 [44]
11.1 [43], 9.0 [44]

7.5* [43], 4.9 [44]
7.2* [43], 4.6 [44]

Ni0.06Co0.94Sb3
κ

κL

5.1
4.7

3.9
2.9

6.7 [41]
6.3 [41]

4.4 [41]
3.4 [41]

In0.13Co4Sb12
κ

κL

3.3
2.9

3.5
2.6

3.5 [44], 4.6 [65]
3.1 [44], 3.9 [65]

3.0 [44], 3.2* [65]
2.3 [44], 2.5*[65]

288

The thermal diffusivity of the three synthesized skutterudites has been mea-289

sured on sintered pellets and converted to thermal conductivity (Fig. 7d) using290
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the densities of the pellets and the Dulong and Petit specific heat which usually291

applies for skutterudites in this temperature range. The overall shape of κ(T)292

for pristine CoSb3 corresponds to that usually reported for this material [44].293

Nevertheless, it ranges from 6.5 W m−1 K−1 at 300 K down to 3.7 W m−1 K−1 at294

800 K. Values reported for similar materials which were synthesized by conven-295

tional melting-annealing routes and being mostly composed of crytallites much296

larger than 1 µm are between 9-11 down to 5-7.5 W m−1 K−1 at 300 K and297

700 K, respectively [44, 43, 64]. This corresponds to a reduction of the thermal298

conductivity of at least 25 % on the whole temperature range for the metallore-299

duced samples. The here presented values are in better agreement with those300

observed for ‘nano’-engineered materials with comparable densities [67, 68].301

A direct correlation can be made between the decrease of the thermal conduc-302

tivity measured for CoSb3 and the high concentration of grain boundaries and303

associated defects which were evidenced by EBSD/SEM and TEM analyses and304

act as efficient phonons scattering centers.305

Because of the larger electronic contribution to the total thermal conduc-306

tivity in the Ni-doped and In-filled samples and to compare more significantly307

with literature data, the lattice thermal conductivities κL were calculated by308

subtracting κe to κtot (Table 2 and solid lines in Fig. 7d). The Wiedmann-Franz309

law, κe=LT/ρ, was used to obtain κe using the measured electrical resistivity310

and a Lorenz number of 1.6×10−8 and 1.7×10−8 W Ω K−2 for Ni0.06Co0.94Sb3311

and In0.13Co4Sb12, respectively [41, 44].312

The total thermal conductivity of Ni0.06Co0.94Sb3 is 20 % lower than that of313

pristine CoSb3 at 300 K and reaches similar values from 450 up to 800 K. This314

reduction of κ(T) at room temperature could be explained (i) by the smaller315

particle size and thus higher density of grain boundaries and associated de-316

fects and (ii) by the higher mass fluctuation on the ‘disordered’ transition metal317

sublattice, both enhancing the scattering of phonons and decreasing κL(T). The318

beneficial effect of the mesostructuration is more apparent when κL is compared319

to the values reported for conventionally synthesized macrostructured materi-320

als and where a reduction of ≈ 25 % is noticed at 300 K (Table 2). At higher321
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temperature, the mesostructuration seems to become less and less efficient so322

that at 800 K the reduction of κL falls to ≈ 15 %. Again, the measured trend323

and values are in good agreement with reported mesostructured samples with324

a similar doping level [41, 69].325

With the insertion of indium rattlers in the structure, the total thermal con-326

ductivity of In0.13Co4Sb12 is further lowered to 3.2 and 3.5 W m−1 K−1 at 300327

and 800 K, respectively, with a minimum of 2.8 W m−1 K−1 at about 550 K.328

These correspond to κL of 2.9 W m−1 K−1 at 300 K and 2.6 W m−1 K−1 at 800 K.329

Comparisons with literature data are rather difficult due to the wide span of330

(effective) rattler concentration and pellet densities encountered and to the rel-331

atively large standard deviations inherent to thermal diffusivity measurements.332

However the presently investigated sample seems to have a slighly lower κL than333

reported value but without strong effect from the mesostructuration opposite to334

our observations on the two previous compositions. According to Benyahia et335

al. [70] who investigated the influence of grain size on In0.25Co4Sb12 lattice336

thermal conductivity, the reduction of κL(T) by mesostructuration would have337

a stronger effect from room temperature to ≈ 580 K while at higher tempera-338

ture scattering by the rattler would become dominant. This could explain why339

magnesioreduced samples have a low κL at 300 K compared to those reported340

in literature but is only in the average at 700 K. Furthermore, in the above341

mentioned article, a modified Nan and Birringer law [71, 72] was used to es-342

timate the reduction of κL according to the reciprocal of the crystallite size in343

In0.25Co4Sb12 at 300 K. Applying here this law and considering a mean crystallite344

size of 600 nm, a reduction of κL(300 K) of only ≈ 10% is estimated compared345

to macrostructured materials. This must be taken as a rough estimate since the346

synthesis routes and the methods for grain size determination are different, but347

it would support the reduction of κL(T) thanks to mesostructuration especially348

near room temperature in In0.13Co4Sb12.349

The measured physical properties enable to calculate the figure-of-merit ZT350

of these materials (Fig. 7e). The ZT values of pristine CoSb3 are small due to351

the combined high electrical resistivity and the occurrence of the bipolar effect352
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around 500 K. The obtained values for the Ni-doped and In-filled CoSb3 increase353

ZT up to 0.6 at 800 K and 0.75 at 650 K, respectively. In the case of Ni-doped354

CoSb3, this result is very similar to the improved ZT reported for mesostruc-355

tured Ni0.06Co0.94Sb3 where the reduction of the grain sizes and consequently of356

the thermal conductivities was realized by high energy ball-milling [69, 41]. In357

the case of In0.13Co4Sb12, the reduction of κ by mesostructuration is less effec-358

tive due to the elevated phonon diffusion by In-rattlers and the calculated ZT359

corresponds well to materials synthesized by conventional melting/annealing360

methods [43, 44, 65].361

362

4. Conclusions363

Pure, Ni-doped and In-filled CoSb3 were synthesized from metal oxides in only364

84 h at temperature as low as 810 K by a magnesioreduction process. As-365

synthesized powders are directly composed of well-crystallized submicronic par-366

ticles. After spark plasma sintering, pellets with excellent purities and high367

densities were obtained. XRD and SEM analyses show that the dopant and rat-368

tler concentrations are very close to the targetted ones, indicating that a good369

control of the chemical composition is possible with this process. After sinter-370

ing, the average grain size are found to be 780, 580 and 620 nm for CoSb3,371

Ni0.06Co0.94Sb3 and In0.13Co4Sb12, respectively. Such small grain size along with372

the presence of crystal defects and nanoporosity at the grain boundaries were373

shown to decrease the lattice thermal conductivity of the samples especially for374

CoSb3 and Ni0.06Co0.94Sb3 where strong κL reduction of 25 % were observed at375

300 K. The electrical resistivity and Seebeck coefficient measurements show no376

degradation of the transport properties due to the reduction of grain sizes. This377

synthesis route thus directly leads to materials approaching the ‘phonon glass-378

electron crystal’ state [73]. It results in ZTmax of 0.09 at 450 K, 0.60 at 800 K and379

0.75 at 650 K for CoSb3, Ni0.06Co0.94Sb3 and In0.13Co4Sb12, respectively. These380

values are close to those reported in literature for similar compositions but af-381

ter multistep high temperature syntheses followed by various mesostructura-382
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tion steps. This industrializable process is thus promising for the preparation383

of thermoelectric materials and will be applied to more complex (multi-doped384

and -filled) skutterudites but also to other intermetallic thermoelectric materials385

such as clathrates, (half-)Heusler phases or transition metal silicides.386
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• Magnesioreduction of oxides is used to prepare skutterudites. 

• Well-crystallized and submicronic powders are obtained at low temperature. 

• The mesostructuration survives after spark plasma sintering. 

• Accordingly, improved thermoelectric performances are achieved. 

• Thermoelectric properties are discussed toward microstructure of the materials. 


