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Abstract

The magnesioreduction synthesis of In0.22Co4Sb12 with high In-rattler con-

centration from Sb2O4 and In-doped Co3O4 precursors is reported. This process

directly yields a submicronic powder in a single step of 96 h at 810 K. The reac-

tion mechanism has been investigated by stopping the reaction every 12 h and

quantifying the existing phases by X-ray diffraction and Rietveld refinements.

The precursors are first reduced in CoO and Sb2O3 lower oxides, then form

CoSb2O6 and CoSb2O4 intermediates which are finally reduced in InxCo4Sb12. A

powder with 350 nm average size and mostly composed of In-filled skutterudite

phase with composition close to In0.17Co4Sb12 is obtained. Upon spark plasma

sintering, small residual amount of InSb reacts with the skutterudite matrix to

form a single-phase densified pellet with composition close to In0.22Co4Sb12.

The resulting densified material with 1.8 µm average grain size shows a figure-

of-merit ZTmax of 0.95 at 750 K.
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1. Introduction1

Thermoelectric (TE) materials enable the direct conversion of heat into electric-2

ity through the Seebeck effect. The conversion efficiency is directly related to3

the figure-of-merit ZT defined as:4

ZT =
α2

ρ (κL +κe)
T (1)

with α the Seebeck coefficient, ρ the electrical resistivity, κL and κe the lattice5

and electronic contributions to the total thermal conductivity κ and T the tem-6

perature. CoSb3-based skutterudites are well-known TE materials with a band7

gap of about 0.2 eV [1]. They are considered as promising candidates for mid-8

temperature (600 - 800 K) TE applications because of their excellent electronic9

properties, good mechanical properties and relatively abundant constituting el-10

ements. Large power factors, PF = α2/ρ, reaching 4 - 5 mW m−1 K−2 can be11

obtained for compositions with optimized charge carrier concentration. In or-12

der to achieve high ZT, the intrinsic high thermal conductivity (≈ 9 W m−1 K−1
13

at 298 K for CoSb3 [2]) must be reduced as much as possible without simul-14

taneously degrading the electronic properties. This can be effectively done by15

partially filling the empty isocahedral voids of the structure with rare-earth,16

alkaline metal or III - IV group elements [1]. The additional mass contrast in-17

duced by the partial occupancy as well as the ‘rattling’ behavior of the filling18

atoms in the oversized voids effectively scatter acoustic heat-carrying phonons.19

For example, lattice thermal conductivities as low as 1 - 2 and ≈ 0.5 W m−1 K−1
20

were reported for single Ba-, Ca- and Yb-filled [3, 4, 5] and nanostructured21

multi-filled skutterudites [6], respectively.22

Indium is among the most studied filler atom for n-type skutterudites be-23

cause (i) it acts as an electron donor enabling large increase of PF and (ii) it24
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efficiently reduces κL due to its heavy atomic mass. While some controversy ex-25

ists about its true solubility limit (0.16 < x < 0.27) [7, 8, 9], all authors agree26

that the best performances are obtained by maximizing the In concentration27

[2, 10]. ZTmax of about 1.1 are usually reported for materials with composi-28

tion close to In0.25Co4Sb12 and synthesized by conventional fusion/solidification29

processes [11, 2]. However, due to the peritectic formation of CoSb3, long an-30

nealing (> 100 h) at high temperature (1100 K) are required to form a single31

phase product. In addition, the ingots are composed of microns sized grains32

which need to be reduced by milling in order to reduce κL. κ reduction were33

attempted using such conventional approach by in situ formation of InSb nano-34

precipitates [12, 13, 14] or by designing mesostructured materials with oxide35

nanoinclusions [11, 15]. These additional annealing and milling steps, to be36

performed under unreactive atmosphere, cost time and energy cost and could37

become an obstacle to the large scale production of this material.38

39

Alternative processes have been developed to overcome the problematic syn-40

thesis of this material. For example, hydrothermal [16, 17] or melt-spinning/reactive41

spark plasma sintering approaches [18] have been adapted to the synthesis of42

nanostructured InxCo4Sb12 with high concentration of interfaces between the43

grains and lattice thermal conductivity as low as 1.5 W m−1 K−1. Most im-44

portantly, these alternative routes do not require any post-reaction annealing45

which considerably speed up the synthesis. However, nanostructured materi-46

als often suffer from largely higher electrical resistivity usually attributed to the47

lower density of the sintered materials [19, 16] or to the enhanced charge car-48

riers scattering at the numerous interfaces/defects, considerably reducing the49

beneficial effect of the microstructure on ZT.50

In a previous article [20], we reported a new magnesioreduction synthesis51
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for InxCo4Sb12 with x = 0.13 according to the reaction:52

2(In)Co3O4 +9Sb2O4 +44Mg 810K−−−→
96h

6(In)CoSb3 +44MgO (2)

This process, also applied to the production of TE-silicides [21], possesses53

many advantages such as the direct synthesis of high purity skutterudite pow-54

ders with submicronic average grain sizes without additional long annealing or55

milling step, high yield, relatively low reaction temperature and the use of cheap56

and air-stable oxide precursors. Moreover, magnesiothermy is already used to57

industrially produce metals via the Kroll [22] or Ames [23] processes and of-58

fer thus interesting scalability perspectives. In the present article, this magne-59

sioreduction process is adapted to the synthesis of saturated In0.22Co4Sb12. The60

discussion will mainly focus on the comprehension of the reaction mechanism61

which was investigated by X-ray diffraction (XRD). Finally, the thermoelectric62

properties were measured and compared to those of reference samples from the63

literature.64

2. Experimental procedures65

The detailed procedure for the magnesioreduction synthesis of In-filled skut-66

terudites according to reaction (2) is described in a previous work [20]. For67

preparation of the ‘In0.18Co2.81O4’ precursor, stoichiometric amounts of CoCl2·6H2O68

(Prolabo, 99.9 %) and In(NO3)3·xH2O (home-made by dissolving In in concen-69

trated HNO3) are dissolved in distilled water and then precipitated using NaOH.70

The precipitate is washed with water and ethanol several times, dried at 363 K71

and calcined at 723 K for 4 h in air. XRD pattern (fig. SI 1) shows broad diffrac-72

tion peaks corresponding to Co3O4 and In2O3. Rietveld refinement converges to73

a lattice parameter a = 8.137(9) Å significantly larger than for pristine Co3O474

(a = 8.076 Å [24]) suggesting the insertion of In in the structure [25]. The pres-75
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Figure 1: Pictures of (a) the reaction precursors, (b) reaction products after 96 h at 810 K and (c)
crushed as-synthesized InxCo4Sb12 pellets. (d) Secondary electron SEM image of the as-synthesized
powder with histogram showing the grain size distribution.

ence of remaining In2O3 indicates that the solubility limit has been reached. A76

mixture of this precursor and Sb2O4 (Sigma-Aldrich, 99.995 %) with 1:5.4 mo-77

lar composition, required to counterbalance the loss of antimony by evaporation78

during the MR process and obtain phase pure samples [20], is thoroughly milled79

in an agate mortar. The oxide mixture is cold-pressed at 250 MPa into Ø 10 mm80

pellets with about 2 mm height (fig. 1a). The pellets (usually 2 stacked on top81
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of each other) are placed with Mg chunks (2 - 3 % excess) in a clamped Mo82

crucible. The crucible is heated to 810 K for 96 h under protective Ar atmo-83

sphere before being cooled down to room temperature. After the reaction, the84

skutterudite remains in the shape of compact pellets and can easily be separated85

from the loose MgO (fig. 1b). The powder (fig. 1c,d) is then spark plasma sin-86

tered (FCT HP-D-10 system) in Ø 10 mm graphite dies at 1000 K and 66 MPa87

for 10 min.88

Powder X-ray diffraction was performed on a Bruker D8 Advance diffrac-89

tometer in the θ -2θ Bragg-Brentano geometry working with a monochroma-90

tized Cu Kα1 radiation (λ = 1.5406 Å), equipped with a LynxEye detector91

which enables photon energy discrimination around 20 %, thus reducing the92

cobalt fluorescence signal. Lattice parameters and phase fractions were deter-93

mined by the Rietveld method using the FullProf software [26]. Scanning elec-94

tron microscopy (SEM) images and energy dispersive spectroscopy (EDS) were95

performed on a JEOL JSM 7100 F microscope equipped with an Oxford EDS96

SDD X-Max spectrometer. Transport properties measurements were carried out97

using a home-made apparatus described elsewhere [27]. Thermal diffusivity98

measurements were performed using a Netzsch LFA 457 equipment under Ar99

atmosphere. The thermal conductivity was determined from κ = D Cp d with100

D the thermal diffusivity, Cp the specific heat of the sample calculated using101

the Dulong-Petit law and d the sample density determined by the Archimede102

method in absolute ethanol.103

3. Results and discussion104

3.1. Reaction mechanism and skutterudite characterizations105

InxCo4Sb12 (targeted x = 0.25) has been synthesized, along with some InSb106

and Sb impurities, from Sb2O4 and In-doped Co3O4 after 96 h heat treatment107
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at 810 K in presence of Mg. To elucidate the reaction mechanism, the synthe-108

sis was repeated several times and stopped every twelve hours. Each time, the109

phases in the samples were quantified by the Rietveld method and their relative110

concentrations are represented in fig. 2. Figure 3 shows some selected XRD111

patterns while all refined patterns and parameters can be found in supplemen-112

tary information (fig. SI 2, tables SI. 1 - 9). Up to 6 different phases have been113

identified in some patterns indicating a complex reaction mechanism. The full114

reduction of the precursors is realized in three steps: (i) the partial reduction115

of the precursors in lower oxides (0 h - 24 h), (ii) the formation of CoSb2O6116

and CoSb2O4 intermediates (0 h - 48 h) and (iii) the complete reduction of the117

intermediates and the formation of InxCo4Sb12 (38 h - 96 h).118

Figure 2: Evolution of the sample composition during the magnesioreduction synthesis of
InxCo4Sb12, determined by the Rietveld method, as a function of the reaction time. In the present
case and according to [28], the relative standard deviation on the concentrations are considered to
be well below 5 %.

The precursors mixture is initially composed of Sb2O4 [Sb3+, Sb5+] and119

In:Co3O4 [Co2+, Co3+]. After 24 h at 813 K, In:Co3O4 and Sb2O4 almost com-120

pletely disappeared. Instead, freshly formed CoO [Co2+] and Sb2O3 [Sb3+] rep-121

resent almost 50 % of the reaction media. This suggests the partial reduction of122
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Figure 3: XRD patterns of the InxCo4Sb12 magnesioreduction synthesis after 0 h, 12 h, 36 h, 96 h
reaction time and after spark plasma sintering. The symbols indicate the most intense reflections
of each constituting phases. The images shows the evolution of the product color with the reaction
time.

the precursors in lower oxides by Mg according to the reactions:123

Co3O4 +Mg 810K−−−→
12h

3CoO+MgO ∆Gr(810 K) = -512.3 kJ mol−1[29] (3)
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Sb2O4 +Mg 810K−−−→
12h

Sb2O3 +MgO ∆Gr(810 K) = -396.4 kJ mol−1 [29] (4)

These reductions are thermodynamically possible at 810 K as indicated by124

the large negative Gibbs free energy of reaction. In addition, CoSb2O6 [Co2+,125

Sb5+] (P42/mnm) and CoSb2O4 [Co2+, Sb3+] (P42/mbc) ternary intermediates126

are formed most likely by solid state reactions between the various binary ox-127

ides in presence. This is supported by several works reporting the synthesis of128

these mixed oxides by conventional solid-state reaction starting from CoO and129

Sb2O3/Sb2O5 powders between 973 and 1073 K [30, 31, 32].130

After 36 h, no trace of CoSb2O6 remains in the XRD pattern (fig. 3) and131

CoSb2O4 is the major phase representing 60 mol.% of the sample. According to132

the simultaneous decrease of CoSb2O6 and increase of CoSb2O4 contents, one133

might expect CoSb2O4 to be formed from the reduction of CoSb2O6 according134

to:135

CoSb2O6 +2Mg−−→ CoSb2O4 +2MgO (5)

More interestingly, skutterudite starts forming (≈ 10 %) and the lattice pa-136

rameter a = 9.0384(8) Å corresponds well to InxCo4Sb12 with low In-content137

(x < 0.05) [7, 8]. At this point of the reaction, Sb5+ and Co3+ are no more138

present in the reaction media and Sb3+ and Co2+ are consecutively reduced in139

metallic Co and Sb.140

The complete reduction of CoSb2O4 and Sb2O3 into CoSb3 takes another 36141

hours according to:142

2CoSb2O4 +Sb2O3 +11Mg−−→ 2CoSb3 +11MgO (6)
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Traces of InSb appear on the diffraction patterns after 72 h. We hypothesize143

that In was solubilized in CoSb2O4 because (i) the formation of InSb corre-144

sponds to the total reduction of CoSb2O4, (ii) the refined lattice parameters of145

the latter, a = 8.5078(5) Å and c = 5.9316(5) Å, are significantly larger than146

literature data, a = 8.49285(7) Å and c = 5.92449(5) Å [30] and (iii) other ele-147

ments such as Pb2+ can substitute Sb to a great extent in CoSb2O4 [30]. In pres-148

ence of InSb, the lattice parameter of InxCoSb3 increases from 9.0384(2) Å after149

48 h to 9.04872(4) Å after 96 h. This can be explained by the insertion of In in150

the CoSb3 structure according to:151

Co4Sb12 +xInSb−−→ InxCo4Sb12 +xSb (7)

The slow diffusion of In in CoSb3 was already stressed out by Grytsiv et152

al. [8]. After 96 h, the reaction media is mostly composed of InxCo4Sb12 with153

a = 9.04872(4) Å which corresponds to x = 0.17 - 0.18 [7, 8] and of a small154

amount of InSb (≈ 4 mol.%) and Sb (≈ 2 mol.%). No traces of MgO or Mg155

containing compound are visible at any time on the diffraction patterns. For this156

reason, we hypothesize that the reduction reactions occur via the slow oxidation157

of the Mg chunks by the equilibrium O2 vapor pressure of the oxides. This is158

consistent with the general aspect of the Mg chunks between 24 h to 48 h which159

are clearly oxidized at the surface (powdery and white) but remain metallic and160

relatively shinny in the core.161

The as-synthesized powder was spark plasma sintered to obtain pellets with162

97 % relative density. The XRD pattern of the as-sintered pellet (fig. 3) is163

fully indexed with the skutterudite structure type. Rietveld refinement results164

in a lattice parameter a = 9.0527(2) Å which is significantly larger than that of165

the as-synthesized powder. Along with the disappearance of the InSb secondary166

phase, whose melting point (789 K) is lower than the sintering temperature, this167
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suggests that InSb reacts with the skutterudite matrix during the sintering step168

thus increasing the inserted In content. According to literature data, this lattice169

parameter corresponds to a true InxCo4Sb12 composition close to x = 0.20 - 0.22170

[7, 8]. The scenario is very similar to the synthesis of In0.13Co4Sb12 where about171

20 % of In was inserted in the structure during the sintering step [20].172

Figure 4: (a) Secondary electron SEM image of a broken cross-section of a densified In0.22Co4Sb12
pellet and histogram showing the distribution of the apparent grain size. (b) Backscattered electron
SEM image and corresponding EDS elementary mappings of the pellet polished surface.

Backscattered electron image and EDS mapping of the pellet (fig. 4b) reveal173

homogeneous chemical composition. Indium filling fraction could however not174

be accurately quantified by EDS because of its low concentration and the partial175

overlapping of the In Lα and the intense Sb Lα peaks. The magnesioreduc-176

tion synthesis of In0.30Co4Sb12 was also attempted but InSb in excess leaked out177

of the die during sintering and the resulting skutterudite lattice parameter re-178

mained close to a = 9.053 Å. As a result, In0.22Co4Sb12 would be the In-richest179

composition accessible by magnesioreduction synthesis in these reaction condi-180

tions. It is in agreement with the solubility limit usually reported for In-filled181

CoSb3 prepared by conventional melting/annealing [8] or solid state diffusion182

[33] syntheses. The SEM secondary electron image of the broken cross-section183

of a pellet is shown in fig. 4a. The microstructure is typical for magnesiore-184

duced skutterudite with well-faceted grains and size distribution characterized185
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by an average value of 1.8 µm. The present grain size is significantly larger than186

our previous work [20]. This is mostly attributed to the 90 K higher sintering187

temperature found necessary to complete the reaction. Also the higher content188

of liquid InSb might have favored grain growth by accelerating matter transport189

during the sintering [34].190

3.2. Thermoelectric properties191

Figure 5: High-temperature dependence of (a) the electrical resistivity, (b) Seebeck coefficient, (c)
power factor, (d) total (squares) and lattice (crosses) thermal conductivities and (e) figure-of-merit
of In0.22Co4Sb12 synthesized by magnesioreduction (filled black squares) along with literature data
for In0.25Co4Sb12 taken from [11] (green empty squares) and In0.28Co4Sb12 taken from [2] (red
empty squares).

The thermoelectric properties of In0.22Co4Sb12 are shown in fig. 5 and com-192

pared to data from the literature on compounds with similar compositions. Data193

reported by Benyahia et al. [11] and Leszczynski et al. [2] were obtained for194

materials synthesized by melting/annealing/sintering method. Although the195

Seebeck coefficient of our sample compares well to literature data, the resistiv-196

ity is more elevated, especially near room temperature. As a direct consequence,197

the PFmax is 7 to 20 % lower at 750 K. Despite its apparent purity and density,198

small cracks appeared on our sample upon thermal cycles that could explain199
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the higher measured resistivity. Such deterioration is attributed to the melting200

around 800 K [8] during the measurement cycle of small residual amount of201

InSb usually observed at the grain boundaries of saturated In-filled skutterudite202

[12, 35]. However, the In content in the structure remains constant as indi-203

cated by the similar lattice parameter, a = 9.0520(3) Å, determined after the204

thermoelectric characterization.205

The room temperature thermal conductivity of MR sample is about 3.2 W m−1 K−1
206

and reaches its minimum value of 2.6 W m−1 K−1 in the 450 - 650 K range. The207

simultaneous decrease of α and upturn of κ at about 650 K is attributed to208

the bipolar effect i.e. to the contribution of two types of charge carriers to the209

material transport properties. The lattice thermal conductivity was determined210

by subtracting κe to κ and κe was calculated using the the Wiedemann-Franz211

law κe = L T/ρ with L taken from [2] as 1.7 10−8 W Ω K−2. The κL of the212

magnesiosynthesized sample agrees with the lower κL values of the literature213

over the entire temperature range. No significant decrease of κL is measured214

at room temperature contrary to our previous work on In0.13Co4Sb12 certainly215

because of the larger average grain size, 1.8 µm vs. 600 nm, respectively, and216

the stronger influence of the rattlers over the mesostructure at such elevated217

concentration. As a consequence of the lower PF, a ZTmax of 0.95 at 750 K is218

obtained which remains 5 and 15 % lower than the reference samples made by219

conventional melting/annealing process.220

Further comparison of the MR-materials performance with literature data221

is not a straightforward task as long as the TE properties of In-filled skutteru-222

dites strongly depends on the precise In-content inserted in the cages up to its223

solubility limit [9, 33, 13, 36]. In the present case, we confirm that increasing224

the In-content from 0.13 [20] to 0.22 in the MR-samples decreases the thermal225

conductivity and increases the ZTmax from 0.75 to 0.95. Oversaturating In in226
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CoSb3 induces the formation of InSb and/or CoSb2 (nano)precipitates that are227

playing a significant role in decreasing the thermal conductivity and improving228

the ZTmax of these composite materials [37, 38, 39, 40]. MR-In0.22Co4Sb12 do229

not show the presence of such precipitates after spark plasma sintering. The230

measured TE properties can thus be considered as intrinsic to the material and231

slightly deteriorated by the microcracks appearing in the pellets during physi-232

cal properties measurements. The submicron particle size distribution obtained233

after magnesioreduction corresponds well to that reported by Benyahia et al.234

on mesostructured ZT = 1.4 In0.25Co4Sb12. Unfortunately, the grain growth in-235

duced during sintering cancels this microstructural feature and both thermal236

conductivity and figure-of-merit are much closer from those obtained by fusion-237

solidification-long term annealing [2, 18] or most recently by scanning laser238

melting for higher In-content [41]. Nevertheless, our ZT value is most of the239

time higher than those reported after solid state diffusion [39, 42, 43] or HPHT240

technique [44]. Improving the SPS step to limit the grain growth, stabilizing241

In0.22Co4Sb12/InSb nanocomposites or trying to form multifilled skutterudites242

by magnesiothermy are the perspectives of this work.243

4. Conclusions244

The investigation of the reaction mechanism for the magnesioreduction syn-245

thesis of In-filled skutterudite from Sb2O4 and In-doped Co3O4 evidenced a246

complex scenario involving intermediate species: CoO, Sb2O3, CoSb2O6 and247

CoSb2O4. The formation of CoSb3 precedes the insertion of In-rattler in the248

cage. After spark plasma sintering, the resulting material is single phase skut-249

terudite with composition close to In0.22Co4Sb12 which corresponds to the In-250

richest composition which could be synthesized by this technique in these con-251

ditions. A ZTmax of 0.95 is measured at 750 K due to limited PF resulting from252

elevated ρ caused by microcracks appearing in the pellets. In addition to im-253
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portant energy and time saving, the relatively mild reaction conditions used in254

this process prevent high Mg vapors pressure inside the reactor thus avoiding255

the formation of deleterious Mg-containing side-products which often limits the256

up-scaling perspectives of magnesioreduction processes. Finally, the knowledge257

gained on the reaction mechanism will be a precious help for the development of258

optimized reaction conditions (multi-step heat treatment, mixed oxide precur-259

sors) enabling the insertion of other filler atoms (e.g. Ba, rare earths elements)260

whose respective oxides are often too stable to be reduced by Mg in the present261

reaction conditions.262
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