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High purity CoSb 3 , Ni 0.06 Co 0.94 Sb 3 and In 0.13 Co 4 Sb 12 were synthesized from oxides by magnesioreduction. This novel synthesis route to CoSb 3 -based skutterudites 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 conductivity reduction up to 25 % for CoSb 3 and Ni 0.06 Co 0.94 Sb 3 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 CoSb 3 , Ni 0.06 Co 0.94 Sb 3 and In 0.13 Co 4 Sb 12 , 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.

Introduction

Thermoelectric materials (TM) enable the direct conversion of a temperature gradient into voltage, thus offering the opportunity to directly exchange wasted heat into electricity by highly reliable solid state power generators. However, TM-based technologies are still only used in niche applications because of the low performances, high cost or complex synthesis of the currently available materials [START_REF] Yang | High Performance Thermoelectric Materials: Progress and Their Applications[END_REF]. Among them, CoSb 3 -based skutterudites have attracted great attention as promising mid-temperature TM due to their high power factor PF = α 2 /ρ (where α is the Seebeck coefficient and ρ the electrical resistivity), good mechanical properties and relatively abundant constituting chemical elements [START_REF] Sales | Filled skutterudite antimonides: A new class of thermoelectric materials[END_REF][START_REF] Nolas | Skutterudites: A phonon-glasselectron crystal approach to advanced thermoelectric energy conversion applications[END_REF][START_REF] Leblanc | Material and manufacturing cost considerations for thermoelectrics[END_REF][START_REF] Rogl | Skutterudites, a most promising group of thermoelectric materials[END_REF]. However its thermal conductivity κ is high -up to 9 W m -1 K -1 at 293 K in polycristalline CoSb 3 [START_REF] Puyet | Low-temperature thermal properties of n-type partially filled calcium skutterudites[END_REF] -mainly due to the lattice (phonon) contribution κ L and much less to the charge carrier contribution κ e , with κ = κ L + κ e .

Any attempt to improve the dimensionless thermoelectric figure-of-merit ZT, defined as:

ZT = α 2 ρ(κ L + κ e ) T (1) 
in CoSb 3 involves (i) the optimization of PF by adjusting the carrier concentration in the semiconducting material and (ii) the reduction of κ L . The latter can be achieved by creating phonon scattering centers at different length scales in the materials:

(i) At the atomic scale, the most common strategy consists in partially filling the icosahedral 2a crystallographic position of skutterudite structure with heavy atoms. The low energy phonons introduced by the filler atom as well as the mass fluctuation arising from its random occupancy both scatter the heat carrying phonons resulting in a strongly reduced κ L [START_REF] Nolas | Transport properties of germaniumfilled CoSb 3[END_REF][START_REF] Zhao | Synthesis and thermoelectric properties of Sr-filled skutterudite Sr y Co 4 Sb 12[END_REF][START_REF] Rogl | In-doped multifilled n-type skutterudites with ZT=1.8[END_REF][START_REF] Gainza | Substantial thermal conductivity reduction in mischmetal skutterudites Mm x Co 4 Sb 12 prepared under high-pressure conditions, due to uneven distribution of the rare-earth elements[END_REF]. Chemical doping on the Co-or Sb-sublattice, which is necessary to achieve optimal charge carrier concentration, has also been shown to affect the thermal conductivity via the mass fluctuation phenomenon [START_REF] Wojciechowski | Thermoelectric properties and electronic structure of CoSb 3 doped with Se and Te[END_REF][START_REF] Mi | Thermoelectric properties of skutterudites Fe x Ni y Co 1-x-y Sb 3 (x=y)[END_REF].
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(ii) At the microstructural scale, grain boundaries in bulk polycrystalline materials also act as effective phonon-scattering centers [START_REF] Lan | Enhancement of Thermoelectric Figure-of-Merit by a Bulk Nanostructuring Approach[END_REF][START_REF] Meng | Grain Boundary Engineering for Achieving High Thermoelectric Performance in n-Type Skutterudites[END_REF]. Their effect is highly intensified in nano-or mesostructured materials where κ L can be reduced by more than 35 % compared to identical materials with much larger grain size [START_REF] Joshi | Enhanced Thermoelectric Figure-of-Merit in Nanostructured p-type Silicon Germanium Bulk Alloys[END_REF][START_REF] Yang | Enhanced Thermoelectric Performance of Nanostructured Bi 2 Te 3 through Significant Phonon Scattering[END_REF]. As a result, it stimulates the development of alternative synthesis routes more suitable for the production of submicronic powders than traditional melting-annealing methods, such as ball-milling / spark plasma sintering (SPS) [START_REF] Recknagel | Application of spark plasma sintering to the fabrication of binary and ternary skutterudites[END_REF][START_REF] Trivedi | Microstructure and doping effect on the enhancement of the thermoelectric properties of Ni doped Dy filled CoSb 3 skutterudites[END_REF], severe plastic deformation [START_REF] Rogl | Direct SPD-processing to achieve high-ZT skutterudites[END_REF], melt spinning [START_REF] Guo | Melt spinning synthesis of p-type skutterudites: Drastically speed up the process of high performance thermoelectrics[END_REF][START_REF] Lee | Simple and efficient synthesis of nanograin structured single phase filled skutterudite for high thermoelectric performance[END_REF], combustion synthesis [START_REF] Godlewska | Alternative route for the preparation of CoSb 3 and Mg 2 Si derivatives[END_REF], flash-spark plasma sintering [START_REF] Gucci | In-situ synthesis of n-type unfilled skutterudite with reduced thermal conductivity by hybrid flash-spark plasma sintering[END_REF], high-pressure syntheses [START_REF] Kong | N-type Ba 0.3 Ni 0.15 Co 3.85 Sb 12 skutterudite: High pressure processing M A[END_REF][START_REF] Deng | Structure and thermoelectric properties of In x Ba y Co 4 Sb 12 samples prepared by HPHT[END_REF], gas atomization [START_REF] Sesselmann | The Influence of Synthesis Procedure on the Microstructure and Thermoelectric Properties of p-Type Skutterudite Ce 0.6 Fe 2 Co 2 Sb 12[END_REF] or solution proceed [START_REF] Toprak | The impact of nanostructuring on the thermal conductivity of thermoelectric CoSb 3[END_REF][START_REF] Li | A comparative study on the thermoelectric properties of CoSb 3 prepared by hydrothermal and solvothermal route[END_REF]. Improvement of ZT by this approach can only be realized if the decrease of κ is not counterbalanced by a decrease of PF due to overly enhanced electron scattering at the grain boundaries.

Phonons being more likely scattered by defects with sizes close to their wavelengths, the creation of defects at different length scales in the material, often refereed as 'all-scale hierarchical architectures', offers the possibility to scatter phonons over a broader energy spectrum, thus reducing κ more efficiently [START_REF] Yang | High Performance Thermoelectric Materials: Progress and Their Applications[END_REF][START_REF] Biswas | High-performance bulk thermoelectrics with allscale hierarchical architectures[END_REF][START_REF] Meng | Grain Boundary Engineering for Achiving High Thermoelectric Performance in n-Type Skutterudite[END_REF][START_REF] Li | Enhanced thermoelectric performance of Ybsingle-filled skutterudite by ultralow thermal conductivity[END_REF]. Very recently, this multi-scale approach have been successfully employed with nanostructured filled-skutterudites [START_REF] Rogl | Multifilled nanocrystalline p-type didymium-Skutterudites with ZT>1.2[END_REF][START_REF] Matsubara | Effects of doping IIIB elements (Al, Ga, In) on thermoelectric properties of nanostructured n-type filled skutterudite compounds[END_REF], porous dopedskutterudites [START_REF] Yang | Enhanced thermoelectric performance of Te-doped skutterudite with nano-micro-porous architecture[END_REF][START_REF] Khan | Nanomicro-porous skutterudites with 100% enhancement in ZT for high performance thermoelectricity[END_REF] or formation of nanoinclusions in filled-and dopedskutterudites [START_REF] Li | Grain boundary engineering with nano-scale InSb producing highperformance In x Ce y Co 4 Sb 12+z skutterudite thermoelectrics[END_REF][START_REF] Chen | Enhancing the thermoelectric performance of filled skutterudite nanocomposites in a wide temperature range via electroless silver plating[END_REF].

With this approach in mind, we developed the magnesioreduction synthesis of pristine, Ni-doped and In-filled CoSb 3 according to the reaction:

1 3 Co 3 O 4 + 3 2 Sb 2 O 4 + 22 3 Mg 810 K ---→ 84 h CoSb 3 + 22 3 MgO (2) 
This new synthesis route to CoSb 3 -based skutterudites, inspired from industrial pyrometallurgical processes (e.g. Kroll's process), yields powders with submicronic grain size that can be readily used for the sintering of mesostructured densified materials [START_REF] Zhao | Engineering the Thermoelectric Transport in Half-Heusler Materials through a Bottom-Up Nanostructure Synthesis[END_REF]. It offers other advantages such as the use of air stable and cheap oxides as precursors, relatively low temperature and short reaction
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time compared to conventional melting/annealing synthesis, good control of the chemical composition and high yield. In this article, the structural, microstructural and thermoelectric characterizations of these materials are reported and compared to literature data on similar materials (either mesostructured or not)

prepared by conventional synthesis routes. filled Inconel tube to prevent its oxidation during the thermal process. The reactor was heated up to 810 K at 100 K h -1 and held at this temperature for 84 h before being cooled down to room temperature. After the reaction, CoSb 3 remains in the shape of compact pellets and could easily be separated from the loose MgO. The powders were spark plasma sintered (FCT HP-D-10 system) in Ø 10 mm graphite dies at 910 K and 66 MPa for 5 min with heating/cooling ramps of 100 K min -1 . mation of NiSb 2 and InSb during the magnesioreduction process did not allow to obtain pure samples in relatively fast and low temperature conditions. Mixed precursor oxides were thus prepared in order to start from an intimate mixture of metallic ions to speed up the process.

Experimental procedures

Synthesis of Ni

For the preparation of Ni These compositions have been selected as (i) the optimized carrier concentration for Ni-doped sample [START_REF] Alleno | Metallurgical and thermoelectric properties in Co 1-x Pd x Sb 3 and Co 1-x Ni x Sb 3 revisited[END_REF][START_REF] Alleno | Mesostructured thermoelectric Co 1-y M y Sb 3 (M = Ni, Pd) skutterudites[END_REF] and as (ii) a composition close to those usually presented in articles dealing with In-inserted skutterudites [START_REF] He | Thermoelectric properties of indium-filled skutterudites[END_REF][START_REF] Mallik | Thermoelectric properties of In z Co 4 Sb 12 skutterudites[END_REF][START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites In x Co 4 Sb 12[END_REF][START_REF] Mallik | Thermoelectric properties of Co 4 Sb 12 skutteurdite materials with partial In filling and excess In additions[END_REF][START_REF] Li | Thermoelectric properties on Indium-added skutteurdites In X Co 4 Sb 12[END_REF][START_REF] Visnow | On the true Indium content on In-filled skutterudites[END_REF].

Materials characterization

The crystal structure and purity of the samples were checked by powder XRD us- The Seebeck coefficient α(T) and electrical resistivity ρ(T) measurements were realized using a home made apparatus described elsewhere [START_REF] Rouleau | Measurement system of the Seebeck coefficient or of the electrical resistivity at high temperature[END_REF]. Thermal diffusivities were measured in argon atmosphere with the laser flash method using a Netzsch LFA 457 equipment. The total thermal conductivity κ was determined by multiplying the thermal diffusivity, the specific heat calculated from the Dulong-Petit law and the experimental density of the samples. process [START_REF] Champion | Magnesiothermic Reduction Process Applied to the Powder Production of U(Mo) Fissile Particles[END_REF][START_REF] Choi | Effect of magnesium on the phase equilibria in magnesio-thermic reduction of Nb 2 O 5[END_REF][START_REF] Won | Titanium powder prepared by a rapid exothermic reaction[END_REF] and may result either from the absence of this by-product or from its amorphous nature, the reaction being carried out at a relatively low temperature.

Results and discussion

Structural and microstructural characterization of as-synthesized and SPSed materials

SEM examination of the obtained powders reveals faceted submicronic grains (Fig. 3). The grain size ranges from 300 nm to 1 µm for CoSb Spark plasma sintering was used to prepare the skutterudite pellets because it can achieve high densities in short sintering times thus limiting grain growth during the densification process. With the sintering conditions given in 2.1, relative densities ranging from 96 to 97 % were obtained (Table 1).

Le Bail fitting of the XRD patterns measured on sintered pellets polished In order to check how sintering affects grain size, electron backscattering diffraction (EBSD) and SEM imaging (Fig. 5) were performed on polished surfaces and on broken cross-sections of the pellets, respectively. SEM imaging reveals some closed porosity (encircled in red) which is responsible for the full densification deviation. EBSD mappings were realized on a 1750.5 ± 9. and at least 14 pixels (i.e. ∼0.035 µm 2 ) for Ni 0.06 Co 0.94 Sb 3 . The particles size distribution (diameter of an equivalent circle with equal surface, Fig. 5) clearly shows a majority of submicronic particles. This distribution has been fitted using a log-normal distribution function:

f (x) = A xσ √ 2π .exp(- [ln(x) -µ] 2 2σ 2 ) (3) 
where A, µ and σ are the fitting parameters. From µ and σ values, the average grain size D and its standard deviation SD can be calculated using the formulae:

D = exp(µ + σ 2 2 ) (4) SD = [(exp(σ 2 ) -1).exp(2µ + σ 2 )] 1 2 
(5)

The average grain sizes are found to range from 780 nm for CoSb 3 down to 580 nm for Ni 0.06 Co 0.94 Sb 3 with intermediate values for the In-inserted phase (Table 1).

Such small grain sizes induce numerous grain boundaries, which along the presence of defects due to crystal orientation mismatches might be efficient to As shown in Fig. 6c, some porosity with nanometric size (encircled in red)

is also observed at the grain boundaries and can also act as efficient phonon scattering centers.

All these observations are quite common for sintered materials and are not a special feature resulting from the magnesioreduction synthesis. However, an exacerbated effect on the thermal conductivity is expected in MR-materials because of the high grain boundary concentration leading to an elevated defect concentration.

Thermoelectric characterizations

The electrical resistivities, Seebeck coefficients and thermal conductivities have been determined in the temperature range 300-800 K where skutterudites usually present their maximum ZT value.

The electrical resistivity and Seebeck coefficient of the three pellets are shown in Fig. 7a and7b. CoSb 3 shows a semiconducting shape of ρ(T) in the 300-800 K temperature range and the α(T) evolves from strongly negative at room temperature to positive at 800 K with a sign change at 600 K attributed to the intrinsic regime caused by holes activation through the band gap [START_REF] Kawaharada | Thermoelectric properties of CoSb 3[END_REF][START_REF] Sharp | Thermoelectric properties of CoSb 3 and related alloys[END_REF][START_REF] Mallik | Thermoelectric properties of In z Co 4 Sb 12 skutterudites[END_REF]. The electrical resistivity of the Ni-doped and In-inserted skutterudites are strongly reduced to respectively 14.5 and 16.0 µΩ.m at 300 K confirming the insertion of these elements in the crystal structure. The n-doping is confirmed by the stabilized negative value of α(T) in both cases, ranging between -120 and -200 µV K -1 for Ni 0.06 Co 0.94 Sb 3 and between -180 and -240 µV K -1

for In 0.13 Co 4 Sb 12 in the investigated temperature range. The electrical resistivities and Seebeck coefficients are in very good agreement with those reported for similar compositions of Ni-doped [START_REF] Alleno | Mesostructured thermoelectric Co 1-y M y Sb 3 (M = Ni, Pd) skutterudites[END_REF][START_REF] Kitagawa | Temperature dependence of thermoelectric properties of Ni-doped CoSb 3[END_REF] and In-filled [START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites In x Co 4 Sb 12[END_REF][START_REF] Sesselmann | Neutron diffraction and thermoelectric properties of indium filled In x Co 4 Sb 12 (x=0.05, 0.2)[END_REF] CoSb 3 .

These values lead to an increase of the maximum PF (Fig. 7c) from about 1 mW m -1 K -2 at 400 K for CoSb The thermal diffusivity of the three synthesized skutterudites has been measured on sintered pellets and converted to thermal conductivity (Fig. 7d) using
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the densities of the pellets and the Dulong and Petit specific heat which usually applies for skutterudites in this temperature range. The overall shape of κ(T)

for pristine CoSb 3 corresponds to that usually reported for this material [START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites In x Co 4 Sb 12[END_REF].

Nevertheless, it ranges from 6.5 W m -1 K -1 at 300 K down to 3.7 W m -1 K -1 at 800 K. Values reported for similar materials which were synthesized by conventional melting-annealing routes and being mostly composed of crytallites much larger than 1 µm are between 9-11 down to 5-7.5 W m -1 K -1 at 300 K and 700 K, respectively [START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites In x Co 4 Sb 12[END_REF][START_REF] Mallik | Thermoelectric properties of In z Co 4 Sb 12 skutterudites[END_REF][START_REF] Kitagawa | Temperature dependence of thermoelectric properties of Ni-doped CoSb 3[END_REF]. This corresponds to a reduction of the thermal conductivity of at least 25 % on the whole temperature range for the metalloreduced samples. The here presented values are in better agreement with those observed for 'nano'-engineered materials with comparable densities [67,[START_REF] Khan | Fabrication, spark plasma consolidation, and thermoelectric evaluation of nanostructured CoSb 3[END_REF].

A direct correlation can be made between the decrease of the thermal conductivity measured for CoSb 3 and the high concentration of grain boundaries and associated defects which were evidenced by EBSD/SEM and TEM analyses and act as efficient phonons scattering centers.

Because of the larger electronic contribution to the total thermal conductivity in the Ni-doped and In-filled samples and to compare more significantly with literature data, the lattice thermal conductivities κ L were calculated by subtracting κ e to κ tot (Table 2 and solid lines in Fig. 7d). The Wiedmann-Franz law, κ e =LT/ρ, was used to obtain κ e using the measured electrical resistivity and a Lorenz number of 1.6×10 -8 and 1.7×10 -8 W Ω K -2 for Ni 0.06 Co 0.94 Sb 3 and In 0.13 Co 4 Sb 12 , respectively [START_REF] Alleno | Mesostructured thermoelectric Co 1-y M y Sb 3 (M = Ni, Pd) skutterudites[END_REF][START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites In x Co 4 Sb 12[END_REF].

The total thermal conductivity of Ni 0.06 Co 0.94 Sb 3 is 20 % lower than that of pristine CoSb 3 at 300 K and reaches similar values from 450 up to 800 K. This reduction of κ(T) at room temperature could be explained (i) by the smaller particle size and thus higher density of grain boundaries and associated defects and (ii) by the higher mass fluctuation on the 'disordered' transition metal sublattice, both enhancing the scattering of phonons and decreasing κ L (T). The beneficial effect of the mesostructuration is more apparent when κ L is compared to the values reported for conventionally synthesized macrostructured materials and where a reduction of ≈ 25 % is noticed at 300 K (Table 2). At higher
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temperature, the mesostructuration seems to become less and less efficient so that at 800 K the reduction of κ L falls to ≈ 15 %. Again, the measured trend and values are in good agreement with reported mesostructured samples with a similar doping level [START_REF] Alleno | Mesostructured thermoelectric Co 1-y M y Sb 3 (M = Ni, Pd) skutterudites[END_REF][START_REF] He | Nanostructured Thermoelectric Skutterudite Co 1-x Ni x Sb 3 Alloys[END_REF].

With the insertion of indium rattlers in the structure, the total thermal conductivity of In 0.13 Co 4 Sb 12 is further lowered to 3.2 and 3.5 W m -1 K -1 at 300 and 800 K, respectively, with a minimum of 2.8 W m -1 K -1 at about 550 K.

These correspond to κ L of 2.9 W m -1 K -1 at 300 K and 2.6 W m -1 K -1 at 800 K.

Comparisons with literature data are rather difficult due to the wide span of (effective) rattler concentration and pellet densities encountered and to the relatively large standard deviations inherent to thermal diffusivity measurements.

However the presently investigated sample seems to have a slighly lower κ L than reported value but without strong effect from the mesostructuration opposite to our observations on the two previous compositions. According to Benyahia et al. [START_REF] Benyahia | High thermoelectric figure of merit in mesostructured In 0.25 Co 4 Sb 12 n-type skutterudite[END_REF] who investigated the influence of grain size on In 0.25 Co 4 Sb 12 lattice thermal conductivity, the reduction of κ L (T) by mesostructuration would have a stronger effect from room temperature to ≈ 580 K while at higher temperature scattering by the rattler would become dominant. This could explain why magnesioreduced samples have a low κ L at 300 K compared to those reported in literature but is only in the average at 700 K. Furthermore, in the above mentioned article, a modified Nan and Birringer law [START_REF] Nan | Determining the Kapitza resistance and the thermal conductivity of polycrystals: A simple model[END_REF][START_REF] Yang | Interfacial thermal resistance in nanocrystalline yttria-stabilized zirconia[END_REF] The measured physical properties enable to calculate the figure-of-merit ZT of these materials (Fig. 7e). The ZT values of pristine CoSb • 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.

  2 O 4 ) by thoroughly grinding the powders together in a vibrating mill (Retsch MM200) for 20 min at 25 Hz using tungsten carbide vial and ball. The oxide mixture was then cold-pressed at 250 MPa into Ø 10 mm pellets with approximately 2 mm height. Two pellets were stacked together on top of a Mg chips bed (Strem, ≥ 99 %) lying at the bottom of a Mo crucible (Fig. 1). The quantity of Mg needed to complete the reduction was determined from the masses of Co 3 O 4 and Sb 2 O 4 to be reduced plus an additional 2-3 % excess. The Mo crucible is then closed and placed in an argon-

Fig. 1 :

 1 Fig. 1: Experimental procedure for the synthesis of CoSb 3 -based skutterudites by magnesioreduction of the corresponding (un-)doped Co 3 O 4 and Sb 2 O 4 oxide precursors (yellow pellet). See text for details.

  ing a Bruker D8 Advance diffractometer in the Bragg-Brentano geometry working with a monochromatized Cu Kα 1 radiation (λ = 1.5406 Å). The diffractometer is equipped with a 1D LynxEye detector with a photon energy discrimination around 20 % thus reducing the cobalt fluorescence signal. Lattice constants were determined by Le Bail refinements as implemented in the FullProf Suite software[START_REF] Rodriguez-Carvajal | Recent advances in magnetic-structure determination by neutron powder diffraction[END_REF].Scanning electron microscopy (SEM) images, energy dispersive spectroscopy (EDS) and electron backscattering diffraction (EBSD) were performed using a JEOL JSM 7100 F microscope equipped with an Oxford EDS SDD X-Max spectrometer and an EBSD HKL Advanced Nordlys Nano detector. Preparation of the powder samples for SEM analyses consisted in a mere deposition on carbon tape followed by metallization with carbon. As for the densified samples, the pellets were successively polished with SiC, diamond paste and colloidal silica and pasted on SEM holders using silver lacquer. Samples for the transmission electron microscopy were first thinned by dimpling with colloidal silica and then by Ar ion milling using a Fischione Ion Mill 1010 operating at 4.5 kV and 5 mA. Transmission electron microscopy (TEM) analyses were performed on a JEOL 2100 LaB 6 instrument operating at 200 kV and equipped with a high resolution M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Gatan US1000 camera, and an Orius 200D camera.

Fig. 2 :

 2 Fig.2: Experimental XRD patterns of the as-synthesized skutterudite powders and theoretical one calculated with FullProf[START_REF] Rodriguez-Carvajal | Recent advances in magnetic-structure determination by neutron powder diffraction[END_REF] from cell parameters and atomic positions given in[START_REF] Mandrus | Electronic transport in lightly doped CoSb 3[END_REF] and peak profile function from the utilized diffractometer. The inset shows the shift of the (653) diffraction peak of the CoSb 3 structure (systematic peak shift due to sample displacement is corrected) revealing the lattice parameter evolution among the samples.

3 Fig. 3 :

 33 Fig. 3: Secondary electron SEM images of the as-synthesized (a) CoSb 3 (b) Ni 0.06 Co 0.94 Sb 3 and (c) In 0.13 Co 4 Sb 12 at two different magnifications.

  . 4 and SI.4) do not show significant evolution of the unit cell parameter for CoSb 3 and Ni 0.06 Co 0.94 Sb 3 (a = 9.0361(2) and 9.0428(1) Å, respectively). A significant increase up to a = 9.0482(3) Å is observed for In 0.13 Co 4 Sb 12 , which, together with the disappearance of the InSb Bragg peaks, is attributed to a higher insertion of indium in the cages available in the skutterudite structure. Considering the low melting point (789 K) reported for InSb[START_REF] Sharma | The In-Sb (Indium-Antimony) system[END_REF], its reactivity with the skutterudite matrix during the sintering process performed above this melting point was expected. Only a very small amount of antimony (R 3m) could be detected by XRD after sintering and it was found to represent less than 1 wt.% of the sample. The latter cell parameter corresponds to the composition In x Co 4 Sb 12 with 0.13 ≤ x ≤ 0.15, depending on the literature data[START_REF] He | Thermoelectric properties of indium-filled skutterudites[END_REF][START_REF] Grytsiv | In y Co 4 Sb 12 Skutterudite: Phase Equilibria and Crystal Structure[END_REF].

Fig. 4 :

 4 Fig.4: Experimental XRD patterns of the sintered skutterudite pellets and theoretical one calculated with FullProf[START_REF] Rodriguez-Carvajal | Recent advances in magnetic-structure determination by neutron powder diffraction[END_REF] from cell parameters and atomic positions given in[START_REF] Mandrus | Electronic transport in lightly doped CoSb 3[END_REF] and peak profile function from the utilized diffractometer. The inset shows the shift of the (653) diffraction peak of the CoSb 3 structure (systematic peak shift due to sample displacement is corrected) revealing the lattice parameter evolution among the samples.

Fig. 5 :

 5 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 CoSb 3 (bottom), Ni 0.06 Co 0.94 Sb 3 (middle) and In 0.13 Co 4 Sb 12 (top) skutterudites.

5 µm 2

 2 area with a step size of 100 nm for CoSb 3 and In 0.13 Co 4 Sb 12 and 50 nm for Ni 0.06 Co 0.94 Sb 3 to distinguish better smaller grains. Kikuchi lines were well indexed using the skutterudite structure and cell parameters obtained from XRD, and only a few non-indexed areas were found on the 3 pellets. First of all, oneM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPTcan notice a random distribution of the grains orientation throughout the analyzed areas. Then submicronic particles are found to cover the majority of the surface in all cases, with apparent smaller sizes for the Ni-doped antimonide compared to the other two compounds.

Fig. 6 :

 6 Fig. 6: TEM brightfield images of thinned CoSb 3 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

3

 3 to 3 and 3.5 mW m -1 K -2 for Ni 0.06 Co 0.94 Sb 3 at 700 K and In 0.13 Co 4 Sb 12 at 600 K, respectively. The small grain sizes and M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT thus a high concentration of grain boundaries do not seem to alter the sample transport properties that are dominated by the high crystallinity of the powder particles.

Fig. 7 :

 7 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 ( ) CoSb 3 , ( ) Ni 0.06 Co 0.94 Sb 3 and ( ) In 0.13 Co 4 Sb 12 . 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]

3

 3 are small due to the combined high electrical resistivity and the occurrence of the bipolar effect M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT around 500 K. The obtained values for the Ni-doped and In-filled CoSb 3 increaseZT up to 0.6 at 800 K and 0.75 at 650 K, respectively. In the case of Ni-doped CoSb 3 , this result is very similar to the improved ZT reported for mesostructured Ni 0.06 Co 0.94 Sb 3 where the reduction of the grain sizes and consequently of the thermal conductivities was realized by high energy ball-milling[START_REF] He | Nanostructured Thermoelectric Skutterudite Co 1-x Ni x Sb 3 Alloys[END_REF][START_REF] Alleno | Mesostructured thermoelectric Co 1-y M y Sb 3 (M = Ni, Pd) skutterudites[END_REF]. In the case of In 0.13 Co 4 Sb 12 , the reduction of κ by mesostructuration is less effective due to the elevated phonon diffusion by In-rattlers and the calculated ZT corresponds well to materials synthesized by conventional melting/annealing methods[START_REF] Mallik | Thermoelectric properties of In z Co 4 Sb 12 skutterudites[END_REF][START_REF] Leszczynski | Electronic band structure, magnetic, transport and thermodynamic properties of In-filled skutterudites In x Co 4 Sb 12[END_REF][START_REF] Sesselmann | Neutron diffraction and thermoelectric properties of indium filled In x Co 4 Sb 12 (x=0.05, 0.2)[END_REF].

  -doped and In-filled CoSb 3 were synthesized from metal oxides in only 84 h at temperature as low as 810 K by a magnesioreduction process. Assynthesized powders are directly composed of well-crystallized submicronic particles. After spark plasma sintering, pellets with excellent purities and high densities were obtained. XRD and SEM analyses show that the dopant and rattler concentrations are very close to the targetted ones, indicating that a good control of the chemical composition is possible with this process. After sintering, the average grain size are found to be 780, 580 and 620 nm for CoSb 3 , Ni 0.06 Co 0.94 Sb 3 and In 0.13 Co 4 Sb 12 , respectively. Such small grain size along with the presence of crystal defects and nanoporosity at the grain boundaries were shown to decrease the lattice thermal conductivity of the samples especially for CoSb 3 and Ni 0.06 Co 0.94 Sb 3 where strong κ L reduction of 25 % were observed at 300 K. The electrical resistivity and Seebeck coefficient measurements show no degradation of the transport properties due to the reduction of grain sizes. This synthesis route thus directly leads to materials approaching the 'phonon glasselectron crystal' state [73]. It results in ZT max of 0.09 at 450 K, 0.60 at 800 K and 0.75 at 650 K for CoSb 3 , Ni 0.06 Co 0.94 Sb 3 and In 0.13 Co 4 Sb 12 , respectively. These values are close to those reported in literature for similar compositions but after multistep high temperature syntheses followed by various mesostructura-M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPTtion steps. This industrializable process is thus promising for the preparation of thermoelectric materials and will be applied to more complex (multi-doped and -filled) skutterudites but also to other intermetallic thermoelectric materials such as clathrates, (half-)Heusler phases or transition metal silicides.

  

  

  

  

  

  

  

  0.18 Co 2.82 O 4 precursor, Co(NO 3 ) 2 .6H 2 O (Fluka, ≥ From these Ni 0.18 Co 2.82 O 4 and In 0.10 Co 2.90 O 4 precursors, Ni 0.06 Co 0.94 Sb 3 and In 0.13 Co 4 Sb 12 were synthesized using the same procedure as for CoSb 3 , at identical temperature and duration.

		ACCEPTED MANUSCRIPT
		refinement of the experimental pattern nevertheless converges to a cell param-
		eter a = 8.102(7) Å which could indicate the insertion of In on the Co-lattice
		98%) and Ni(NO 3 ) 2 .6H 2 O (Fluka, ≥ 99%) were dissolved in distilled water with a molar ratio of about 16:1. The solution was stirred for 30 min and evaporated at 363 K. The slurry was ground before being decomposed in air at M A N U S C R I P T in agreement with recent results by Ma et al. [39].
	573 K for 4 h leading to the formation of a black powder. The Bragg peaks of the X-ray diffraction (XRD) patterns correspond to the Co 3 O 4 structure (Fd 3m) with lattice parameter a = 8.0905(5) Å (Fig. SI.1), suggesting the insertion of Ni in Co 3 O 4 (a ≈ 8.086 Å). Accordingly, the metal ratio determined by X-ray energy dispersive spectroscopy (EDS) is in good agreement with the expected Ni 0.18 Co 2.82 O 4 composition. For the preparation of In 0.10 Co 2.90 O 4 precursor, CoCl 2 .6H 2 O (Prolabo, 99.9 %) and In(NO 3 ) 3 .xH 2 O (home made by dissolving metallic indium in concentrated nitric acid) were dissolved in distilled water with a molar ratio of about 29:1 under vigorous stirring. Then a suitable amount (+20 % excess) of NaOH was added to form the metal hydroxides. The blue precipitate was then centrifuged, washed with water and ethanol, dried overnight at about 363 K and calcinated A C C E P T E D 100 101 102 103 104
	105	at 723 K to obtain the corresponding oxide. Powder XRD pattern (Fig. SI.2)
		shows broad diffraction peaks corresponding to the Co 3 O 4 structure. Le Bail

Table 1 :

 1 Summary of the main structural and microstructural features of the sintered skutterudite pellets used for the thermoelectric characterizations ∼0.07 µm 2 ) for CoSb 3 and In 0.13 Co 4 Sb 12

	Nominal composition	a [Å]	Impurity [wt.%] Average grain size [nm] Relative density [%]
	CoSb 3	9.0362(4)	None	784 ± 376	96
	Ni 0.06 Co 0.94 Sb 3	9.0428(3)	None	580 ± 336	97
	In 0.13 Co 4 Sb 12	9.0482(3)	Sb (<1)	617 ± 292	97

In order to quantify these observations, image analyses were performed using the Channel 5 software (HKL Technology) by considering all the diffracting domains containing at least 7 pixels (i.e.

Table 2 :

 2 Measured total thermal conductivity and calculated lattice thermal conductivity in W m -1 K -1 of CoSb 3 , Ni 0.06 Co 0.94 Sb 3 and In 0.13 Co 4 Sb 12 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*)
	CoSb 3	κ κ L	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]
	Ni 0.06 Co 0.94 Sb 3	κ κ L	5.1 4.7	3.9 2.9	6.7 [41] 6.3 [41]	4.4 [41] 3.4 [41]
	In 0.13 Co 4 Sb 12	κ κ L	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]

  was used to estimate the reduction of κ L according to the reciprocal of the crystallite size in In 0.25 Co 4 Sb 12 at 300 K. Applying here this law and considering a mean crystallite size of 600 nm, a reduction of κ L (300 K) of only ≈ 10% is estimated compared to macrostructured materials. This must be taken as a rough estimate since the synthesis routes and the methods for grain size determination are different, but it would support the reduction of κ L (T) thanks to mesostructuration especially near room temperature in In 0.13 Co 4 Sb 12 .
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