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Introduction

In recent years, there has been a growing interest in any sources of renewable energy that could curtail our reliance on fossil fuels and reduce our emission of greenhouse gases. Among these, thermoelectricity (TE) is one of the potential technologies that could be used in order to mitigate climate change and the dramatic environmental ramifications associated with it.

However, the cost-efficiency relative to the conversion of waste heat into useful electrical current remains low for TE devices even with the current best performing bulk materials. [START_REF] Witting | The Thermoelectric Properties of Bismuth Telluride[END_REF][START_REF] He | Advances in thermoelectric materials research: Looking back and moving forward[END_REF][START_REF] Vining | An inconvenient truth about thermoelectrics[END_REF] In order to be environmentally significant, TE devices must be commercially viable on a much larger scale than for the current niche applications. Naturally, the materials that constitute TE devices must meet new scale-up-friendly criteria such as availability and low toxicity of the precursors, synthesis route, mechanical properties, stability, etc. In addition to these requirements, new strategies to improve TE performances must be applicable on a large scale production.

Current performing materials are not only prohibitively expensive but also heavy, toxic and often scarce, such as derivatives of bismuth and lead tellurides. [START_REF] Witting | The Thermoelectric Properties of Bismuth Telluride[END_REF][START_REF] Min | Chapter 38. Peltier Devices as Generators[END_REF][START_REF] Ohno | Phase Boundary Mapping to Obtain n-type Mg 3 Sb 2 -Based Thermoelectrics[END_REF][START_REF] Cheikh | Praseodymium Telluride: A High-Temperature[END_REF][START_REF] Sootsman | New and old concepts in thermoelectric materials[END_REF][START_REF] Hu | Power generation from nanostructured PbTe-based thermoelectrics: comprehensive development from materials to modules[END_REF] This has fueled the certain level of skepticism over thermoelectricity as a promising source of renewable energy. [START_REF] Vining | An inconvenient truth about thermoelectrics[END_REF] Fortunately, a second wind was given to the research on earth-abundant sulfides following the reports of outstanding properties in a variety of ternary and quaternary n-and ptype copper sulfides, paving a new way for cheap, light and non-toxic thermoelectric materials. Members of this particularly promising group of materials, often derivatives of natural minerals, include but are not limited to: bornite Cu 5 FeS 4 , [START_REF] Qiu | Sulfide bornite thermoelectric material: A natural mineral with ultralow thermal conductivity[END_REF][START_REF] Guélou | Ball milling as an effective route for the preparation of doped bornite: Synthesis, stability and thermoelectric properties[END_REF][START_REF] Kumar | The crucial role of selenium for sulphur substitution in the structural transitions and thermoelectric properties of Cu 5 FeS 4 bornite[END_REF] germanite derivative Cu 22 Fe 8 Ge 4 S 32 , [START_REF] Kumar | Designing a Thermoelectric Copper-Rich Sulfide from a Natural Mineral: Synthetic Germanite Cu 22 Fe 8 Ge 4 S 32[END_REF][START_REF] Kumar | Crossover from germanite to renierite-type structures in Cu 22-x Zn x Fe 8 Ge 4 S 32 thermoelectric sulfides[END_REF] stannoidite Cu 8.5 Fe 2.5 Sn 2 S 12 , [START_REF] Kumar | Copper Hyper-Stoichiometry: The Key for the Optimization of Thermoelectric Properties in Stannoidite Cu 8+x Fe 3-x Sn 2 S 12[END_REF] colusites Cu 26 T 2 M 6 S 32 (T = V, Nb, Ta, Cr, Mo, W; M = Sn, Ge), [START_REF] Suekuni | Highperformance thermoelectric minerals: Colusites Cu 26 V 2 M 6 S 32 (M = Ge, Sn)[END_REF][START_REF] Suekuni | Tunable electronic properties and low thermal conductivity in synthetic colusites Cu 26-x Zn x V 2 M 6 S 32 (x ≤ 4, M = Ge, Sn)[END_REF][START_REF] Bourgès | Structural analysis and thermoelectric properties of mechanically alloyed colusites[END_REF][START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF][START_REF] Kumar | High Power Factors of Thermoelectric Colusites Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W): Toward Functionalization of the Conductive "Cu-S" Network[END_REF][START_REF] Kumar | Copper-rich thermoelectric sulfides: size mismatch effect and chemical disorder in the [TS 4 ]Cu 6 complexes of Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W) colusites[END_REF][START_REF] Kikuchi | Vanadiumfree colusites Cu 26 A 2 Sn 6 S 32 (A = Nb, Ta) for environmentally friendly thermoelectrics[END_REF][START_REF] Kim | Tuning the charge carrier density in the thermoelectric colusite[END_REF][START_REF] Bouyrie | Enhancement in the thermoelectric performance of colusites Cu 26 A 2 E 6 S 32 (A = Nb, Ta; E = Sn, Ge) using E-site non-stoichiometry[END_REF][START_REF] Suekuni | Atomic-Scale Phonon Scatterers in Thermoelectric Colusites with a Tetrahedral Framework Structure[END_REF] Cu 2 SnS 3 , [START_REF] Shen | Eco-friendly p-type Cu 2 SnS 3 thermoelectric material: crystal structure and transport properties[END_REF] kesterite Cu 2 ZnSnS 4 , [START_REF] Liu | A wide-band-gap p -type thermoelectric material based on quaternary chalcogenides of Cu 2 ZnSnQ 4 (Q=S,Se)[END_REF][START_REF] Yang | Nontoxic and abundant copper zinc tin sulfide nanocrystals for potential high-temperature thermoelectric energy harvesting[END_REF] Cu 4 Sn 7 S 16 , [START_REF] Bourgès | Low thermal conductivity in ternary Cu 4 Sn 7 S 16 compound[END_REF] CuFeS 2 [START_REF] Xie | Large thermal conductivity drops in the diamondoid lattice of CuFeS 2 by discordant atom doping[END_REF] and tetrahedrites Cu 12-x T x Sb 4 S 13 (T = Mn, Fe, Ni, Zn). [START_REF] Lu | High performance thermoelectricity in earth-abundant compounds based on natural mineral tetrahedrites[END_REF][START_REF] Suekuni | Thermoelectric properties of mineral tetrahedrites Cu 10 Tr 2 Sb 4 S 13 with low thermal conductivity[END_REF][START_REF] Suekuni | High-performance thermoelectric mineral Cu 12-x Ni x Sb 4 S 13 tetrahedrite[END_REF][START_REF] Bouyrie | Crystal structure, electronic band structure and high-temperature thermoelectric properties of Te-substituted tetrahedrites Cu 12 Sb 4-x Te x S 13 (0.5 ≤ x ≤ 2.0)[END_REF][START_REF] Chetty | Tetrahedrites as thermoelectric materials: An overview[END_REF][START_REF] Barbier | Structural stability of the synthetic thermoelectric ternary and nickel-substituted tetrahedrite phases[END_REF][START_REF] Barbier | Thermoelectric Materials: A New Rapid Synthesis Process for Nontoxic and High-Performance Tetrahedrite Compounds[END_REF] Some of these materials exhibit bulk performances close to those of the commercially available bismuth telluride derivatives with a figure of merit (ZT = S 2 T/ρκ where T is the absolute temperature, S the Seebeck coefficient, ρ the electrical resistivity, and κ the thermal conductivity) around unity at intermediate temperatures. Among those, the V-Sn colusite, Cu 26 V 2 Sn 6 S 32 , is an exceptionally attractive candidate with an optimized ZT of 0.9 at 700 K from earth-abundant light elements.

In order to develop a cost-effective thermoelectric material that could bring thermoelectricity closer to a wide-spread application, we have initiated the scale-up production of V-Sn colusite in an attempt to address some industrial concerns. Of those, cost and availability of the precursors and the synthetic route are of paramount importance, as well as the electrical and thermal performances and their reproducibility. We demonstrate that pure V-Sn colusite can be produced using cheap industrial-grade metal sulfides. These raw materials are readily available, easy to handle and do not require any particular care for storing. These precursors combined with elemental vanadium produced a colusite with similar performances than the high-purity counterpart despite a strikingly different behavior of the thermal conductivity. We also demonstrate the feasibility of a much larger scale production using ball milling in a nearindustrial scale (200 g per milling cycle). The choice of mechanical alloying in a planetary ball mill as a synthesis route is justified by the scalability and safety of the technique. In previous studies, the reproducibility and benefits of using such technique was already established for the synthesis of thermoelectric sulfides such as TiS [START_REF] Guélou | Ball milling as an effective route for the preparation of doped bornite: Synthesis, stability and thermoelectric properties[END_REF][START_REF] Ostovari Moghaddam | Synthesis of bornite Cu 5 FeS 4 nanoparticles via high energy ball milling: Photocatalytic and thermoelectric properties[END_REF][START_REF] Long | High Thermoelectric Performance of Bornite through Control of the Cu(II) Content and Vacancy Concentration[END_REF] Cu 12-x T x Sb 4 S 13 (T = Ni, Zn) [START_REF] Barbier | Up-scaled synthesis process of sulphur-based thermoelectric materials[END_REF][START_REF] Lu | Rapid synthesis of high-performance thermoelectric materials directly from natural mineral tetrahedrite[END_REF] and Cu 26 T 2 M 6 S 32 (T = V, Cr, Mo, W; M = Sn, Ge), [START_REF] Bourgès | Structural analysis and thermoelectric properties of mechanically alloyed colusites[END_REF][START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF][START_REF] Kumar | High Power Factors of Thermoelectric Colusites Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W): Toward Functionalization of the Conductive "Cu-S" Network[END_REF][START_REF] Kumar | Copper-rich thermoelectric sulfides: size mismatch effect and chemical disorder in the [TS 4 ]Cu 6 complexes of Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W) colusites[END_REF] Besides, our new synthesis route using industrial-grade precursors has led to the formation of various types of nano-to-microscale defects, from local Sn-site structural disorder to nano-inclusions and vanadium-rich core-shell microstructures. The results demonstrate that defect engineering is a simple and effective strategy to improve synergistically both electrical and thermal properties in bulk sulfides.

Experimental Section

Synthesis

Polycrystalline samples of Cu 26 V 2 Sn 6 S 32 were synthesized by mechanical alloying using either all elemental precursors Cu (99.9%, Alfa Aesar), V (99.9%, Alfa Aesar), Sn (Merck 99.9%) and S (99.99%, Alfa Aesar) or a combination of industrial-grade binary precursors SnS (99.5%, Tribotecc, Frenostannid), CuS (99.5%, Tribotecc, CB500) and V (99.9%, Alfa Aesar). Small batches of products (7 g) were obtained from the high-energy ball-milling of the precursors in a 40 ml tungsten carbide jar containing 14 balls of 10 mm in diameter under argon atmosphere in a Fritsch Pulverisette 7 Premium line planetary ball-mill operating at room temperature. For the large batches (100 g), the precursors were milled in a 250 ml tungsten carbide jar containing 15 balls of 20 mm in diameter under argon atmosphere in a Fritsch Pulverisette 5 Premium line planetary ball-mill. The obtained powders were then loaded in 10 mm diameter graphite dies and densified by spark plasma sintering in a SPS-FCT HPD 25. The specific conditions for the milling and the densification are part of the study and are thus described and discussed in the main text. While all milling were carried out in inert atmosphere (argon), storage and manipulation of the industrial precursors and the products of up-scaled mechanical alloying were done in air.

No oxidation or deterioration of the samples was observed over the time-scale of the production. Once consolidated, all samples appear to be stable in air.

2.2.Electrical and thermal properties measurements.

The electrical resistivity (ρ) and Seebeck coefficient (S) were measured simultaneously from ingots cut from the obtained pellets in central and axial positions, from 300 K up to 700 K on heating and cooling using an ULVAC-ZEM3 instrument under partial helium pressure. A NETZSCH LFA-457 instrument was used for the measurement of the thermal diffusivity under argon flow. The thermal conductivity (κ) was determined as the product of the geometrical density (confirmed by Archimedes' method), the thermal diffusivity, and the theoretical heat capacity using the Dulong-Petit approximation. The lattice contribution to the thermal conductivity (κ L ) was determined by subtracting the estimated electronic component (κ e ) from the measured total thermal conductivity (κ). The electronic contribution (κ e ) was obtained from the Wiedemann-Franz law,

, where the Lorenz number, L, was approximated from the Seebeck coefficient using the simplified expression L = 1.5 + exp(-|S|/116) from Kim et al. [START_REF] Kim | Characterization of Lorenz number with Seebeck coefficient measurement[END_REF] Simultaneous TG and DSC analyses were carried out on cold-pressed pre-SPS powders using a Netzsch DSC 404 F3 Pegasus with a 10 K min -1 heating rate.

The estimated measurement uncertainties are 6% for the Seebeck coefficient, 8% for the electrical resistivity, 11% for the thermal conductivity, and 16% for the final figure of merit,

ZT. [START_REF] Alleno | Invited Article: A round robin test of the uncertainty on the measurement of the thermoelectric dimensionless figure of merit of Co 0.97 Ni 0.03 Sb 3[END_REF] 2. MBq, mounted in a velocity transducer operating in constant-acceleration mode. Velocity calibration was performed by collecting the 57 Fe M ssbauer spectrum of a α-Fe foil at RT from a second 57 Co source mounted at the other side of the spectrometer. Isomer shifts (δ) are given with respect to SnO 2 at 300 K. Least-squares fits of the M ssbauer spectra were performed using the histogram method assuming Lorentzian lines.

Microscopy

Scanning electron micrographs were acquired on fractured cross-sections of consolidated samples (Fig. 2) using a ZEISS Supra 55 field emission scanning electron microscope. The transmission electron microscope (TEM), including electron diffraction (ED), high resolution TEM (HRTEM), the energy dispersive X-ray spectroscopy (EDX) elemental mapping analysis together with high-angle annular dark field scanning TEM (HAADF-STEM) was performed using a JEM ARM200F cold FEG probe and image aberration corrected electron microscope operated at 200 kV and equipped with a large solid angle CENTURIO EDX detector and Quantum GIF. TEM samples were prepared by dispersion of fine powders of the samples in ethanol and that was transferred to a Cu holey carbon grid (Fig. 456).

SEM analyses of polished cross-sections (samples SPS873 and SPS1083) were performed on field-emission gun scanning electron microscope (FEG-SEM; JSM-7600F, Jeol Ltd., Tokyo, Japan) operated at 10-20 kV, equipped with energy dispersive X-ray spectrometer (EDS;

INCA Oxford 350 EDS SDD, Oxfordshire, UK). EDS spectra were acquired at standard conditions of 20 kV accelerating voltage and 15 mm working distance. Polished crosssections of the samples were prepared by grinding and polishing, finally with 3-micron diamond lapping film.

Samples for conventional TEM analyses of the samples SPS873 and SPS1083 (Fig. 3(d,e)

and Fig. S9b) were prepared using to the conventional procedure using thinning, dimpling and ion-milling. The sintered compacts were inserted into a brass tube with 3-mm diameter for support and fixed with epoxy resin. The samples were thinned from both sides to around 100 microns and further dimpled to around 15-microns in the disc center. Electron-transparent regions were obtained by ion milling (Gatan PIPS 691, California, USA) using 3.8 kV Ar+ ions at an incidence angle of 10° until perforation. Prior to TEM analyses, the specimens were coated by a thin layer (2 nm) of carbon (Gatan PECS 682, California, USA) to improve surface electron conductivity and avoid sample charging under electron beam.

Results and discussions

Synthesis

The preparation of the ordered and disordered V-Sn colusite, Cu 26 V 2 Sn 6 S 32 , using high-purity elemental precursors has been described in a previous study and will be used here as a reference. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] The carefully weighted mixture of elemental powders was ball milled for a total of 12 h at 600 rpm followed by SPS at 873 K, producing high-purity, well-ordered Cu 26 V 2 Sn 6 S 32 with no significant concentration of defects. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] In order to promote the scaleup production of colusite, we must first demonstrate the feasibility of colusite synthesis using simple, low-cost, industrial precursors CuS and SnS. While vanadium was used as elemental precursor, it represents less than 3% of the total weight of precursors and should not constitute an issue for industrial scale production. A stoichiometric mixture of industrial-grade CuS and SnS and elemental V was subjected to a milling for a total of 10 h (see experimental section for details) with a rotation speed of 400 rpm in 30 min cycles with 30 min intervals for cool down and change of milling direction, producing two simultaneous batches of 100 g each.

The rather low milling speed of 400 rpm corresponds to the maximum speed allowed for WC balls (Ø20 mm) to ensure the longevity of the equipment and to limit sample contamination by WC particles. In all cases, a fine homogeneous black powder was obtained without significant aggregation, eliminating the need for thinning agent like stearic acid. In order to optimize the production for maximum energy efficiency, and avoid unnecessary milling time, small amounts of sample were collected at regular intervals, in air, and analyzed using X-ray powder diffraction (XRPD) (Fig. S1).

After 4 h to 5 h, both binary precursors have completely reacted, leaving only the signature broad peaks of a poorly crystalline, disordered, cubic colusite phase. [START_REF] Bourgès | Structural analysis and thermoelectric properties of mechanically alloyed colusites[END_REF] Traces of vanadium metal remain in the powder even after 10 h of milling; however, no improvement was made from 8 h to 10 h milling, suggesting that the rather mild milling conditions imposed by the scale-up apparatus are energetically insufficient to fully react all precursors. Nonetheless, the subsequent heat treatment imposed to the pre-reacted powders during SPS is enough to crystallize the colusite phase. This is in agreement with reported synthesis and consolidation of mechanically alloyed V-Sn colusite. [START_REF] Bourgès | Structural analysis and thermoelectric properties of mechanically alloyed colusites[END_REF][START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] Indeed, after SPS at 873 K for 30 min (heating rate 50 K min -1 , cooling rate 20 K min -1 , P = 64 MPa), both samples sintered from pre-reacted powders subjected to 8 h and 10 h milling gave similar properties, with good thermal stability.

For shorter milling times (1h to 4h), the obtained samples exhibit lower performance and significant alteration upon cycling, evidencing incomplete reaction after SPS (Fig. S2). This was confirmed by the presence of many impurity reflections in the XRPD patterns after SPS (Fig. S3). Therefore, a minimum of 8 h of milling at 400 rpm is necessary to provide sufficiently pre-reacted powders in order to crystallize the colusite phase during SPS. Large batches (2 × 100 g per milling) of industrial-grade powders were then used to investigate the impact of SPS and to compare the thermoelectric properties of such V-Sn colusite with the previously reported lab-scale colusite prepared from high-purity elements. The heating and cooling rates, pressure and sintering time for the remaining samples were kept identical with only the sintering temperature varying. 

3.2.Structural and microstructural analysis

After mechanical alloying of the industrial-grade precursors, phase-pure V-Sn colusite was crystallized during the SPS treatment and investigated through Rietveld refinement of high-resolution XRPD patterns (Fig. 1(a,b) and Fig. S4-S5). Cu 26 V 2 Sn 6 S 32 crystallizes in the cubic P ̅ 3n space group with a unit cell parameter, a, ranging from ca. 10.7 to ca. 10.8 Å depending on the concentration of defects. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] The structure of V-Sn colusite (inset in Fig. 1c) is easily described as a 2a × 2a × 2a supercell of a zinc blende-type "CuS" structure where 6 out of 32 Cu atoms are replaced by Sn, and V occupies an interstitial tetrahedral position (2a site) at the origin of the supercell. The unit cell parameter a, determined from Rietveld refinement of the XRPD data for samples sintered at 873 K, 1023 K, 1073 K and 1083 K, hereafter referred to as SPS873, SPS1023, SPS1073 and SPS1083 respectively, are shown in Fig. 1c and Table S1. Traces amounts of a Cu 1.8 S second phase were detected (ca. 3 wt%) only for SPS873.

As expected, samples sintered at higher temperature exhibit a larger unit cell volume, consistent with the increased loss of sulfur through volatilization and the subsequent reorganization of structure with antisite defects and interstitial cations. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF][START_REF] Lemoine | Thermal Stability of the Crystal Structure and Electronic Properties of the High Power Factor Thermoelectric Colusite Cu 26 Cr 2 Ge 6 S 32[END_REF] Note that the role of this interstitial atom, at the center of a mixed tetrahedral-octahedral complex is crucial to explain the outstanding electrical properties of colusite. [START_REF] Kumar | High Power Factors of Thermoelectric Colusites Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W): Toward Functionalization of the Conductive "Cu-S" Network[END_REF][START_REF] Kumar | Copper-rich thermoelectric sulfides: size mismatch effect and chemical disorder in the [TS 4 ]Cu 6 complexes of Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W) colusites[END_REF][START_REF] Suekuni | Atomic-Scale Phonon Scatterers in Thermoelectric Colusites with a Tetrahedral Framework Structure[END_REF] Indeed, a thorough investigation combining neutron diffraction, high-resolution XRPD and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) concluded that a high sintering temperature (1023 K) yielded colusite samples with a larger unit cell (a ≈ 10.83 Å) and a higher concentration of defects compared to samples sintered at lower temperature (873 K). Such defects, ranging from 1D line Sn-vacancy and Sn-antisite defects to fully disordered regions, were responsible for the large improvement in the thermoelectric performance through an exceptional decrease in the lattice thermal conductivity. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] The structural parameters obtained from Rietveld analysis (Table S1) shows two sets of atomic displacement parameters, B iso (V and S(1)), with unrealistic values that can be explained by the level of disorder in the structure. Indeed, atomic displacement parameters are often refined to non-sensible values to compensate for an inadequate structural model. In the present case, the level of disorder in both the cationic arrangement, caused by sulfur loss, and the microstructure, caused by the short crystallization time, are likely to be responsible for the negative B iso of V for SPS1083 and the very large B iso of S(1) as the simple structural model used fails to describe the structure accurately. Note that both V and S(1) atoms are involved in the [VS 4 ]Cu 6 complexes where the unrealistic B iso values occur. This is consistent with the presence of V-rich particles (see microscopy section) and the subsequent off-stoichiometry within the [VS 4 ]Cu 6 complexes. A more thorough investigation into the atomic structure using more powerful techniques such as synchrotron X-ray diffraction is necessary to fully describe the complex order-disorder relationship in V-Sn colusite, as demonstrated for Cu 26-

x Nb 2 Sn 6+x S 32 . [START_REF] Suekuni | Atomic-Scale Phonon Scatterers in Thermoelectric Colusites with a Tetrahedral Framework Structure[END_REF] Finally, the interatomic distances within the [VS 4 ]Cu 6 complex (Table S1)

are increasing systematically with sintering temperature, consistent with the increase in the lattice parameter a. Overall, the refined data are consistent with our previous work and the level of disorder increases with the sintering temperature. Finally, while the refinements suggest a decrease in the overall crystallographic density, d (Table S1), the presence of extra interstitial atoms, not taken into account by the model, is likely to compensate for the apparent decrease. Moreover, the measured geometrical density for SPS873, SPS1023, SPS1073 and SPS1083 were very constant with 4.42 g cm -3 , 4.41 g cm -3 , 4.45 g cm -3 and 4.46 g cm -3 , respectively. In any case, these correspond to a geometrical density around 95 % to 97 % of the crystallographic value. A combined TG/DSC analysis (Fig. 1d), carried out on compacted powders obtained from upscaled mechanical alloying (i.e. not sintered), gives valuable insights about the in-situ crystallization that occurs during the SPS process. Initially, a small exothermic signal centered at 672 K, that may be attributed to the crystallization of the colusite phase and/or to thermal events linked with natural sintering, is followed by an endothermic signal centered at 729 K and a corresponding steep sulfur loss. This first onset of sulfur volatilization is unavoidable since much higher temperatures (≥ 873 K) are required to ensure good sintering and density. A clear endothermic peak centered at 1050 K occurs in association with another onset of sulfur volatilization. Finally, the curve exhibits a small endothermic peak at 1083 K followed by a large increase in the DSC signal, centered at 1097 K, attributed to sample decomposition. In order to observe the impact of sulfur loss on the properties, the four samples were prepared at temperatures determined from these observed features. Note that the effects of pressure and heating/cooling rates during SPS on the reaction temperature determined by TG/DSC measurements were neglected considering that the real temperature during SPS is not known accurately. In particular, SPS1023 and SPS1073 are sintered at temperatures on each side of the endothermic peak centered at 1050 K while SPS1083 is sintered at only 10 K above SPS1073 but well within the sulfur loss region and very close to the large exothermic peak at 1097 K.

Cationic disorder and crystallization are not the only consequences of higher sintering temperatures. Scanning electron micrographs (Fig. 2) show the evolution of grain size and morphology with sintering temperature for the four samples prepared from binary precursors in large batches, compared with the reference V-Sn colusite (SPS at 873 K, elemental precursors). At first glance, SPS873 is somewhat similar to the reference material with a nonetheless broader particle size distribution. The more energetic milling conditions for the reference (600 rpm, 7 g, 12h milling) and the nature of the precursors (elemental against binaries), despite yielding remarkably similar powders to the present work (Fig. S6) seems to promote a more homogeneous grain growth and sintering. Upon increasing the sintering temperature, it is clear from Figure 2 that a significant grain growth occurs and SPS1083 displays a fully dense, well-sintered microstructure. Notably, we can determine from the observed microstructure that a temperature higher than 1023 K is required to eliminate most submicron particles. For the following in-depth microstructural investigations, the samples sintered at the lowest and highest temperatures, respectively SPS873 and SPS1083, have been selected. Figure 3 shows detailed microstructural analysis of the SPS873 sample. Backscattered SEM image (Fig. 3a) of the polished surface reveals the presence of inhomogeneities mainly related to incomplete distribution of vanadium in the sample. Vanadium was added to the initial powders in the form of metallic particles and during milling, some particles remained unreacted (Fig. S1). During SPS, they reacted with the surrounding Cu-sulfides, initially to the transient V-rich sulfide sulvanite, Cu 3 VS 4 , and further to V-rich and Sn-deficient colusite phase with chemical composition around "Cu 26 V 4 Sn 4 S 32 " (V:Sn ratio of 1:1), and finally to the V-Sn colusite phase (Fig. S7-S8, Table S2). The results of this process are core-shell structures as shown in Figure 3a. Kinetic diffusion processes during reaction of metallic vanadium with the surrounding sulfides increase with temperature leading to a better distribution of vanadium throughout the sample. The short sintering time, in the case of SPS873, is not sufficient to form a completely homogenous microstructure. Note that fast reaction of metallic vanadium with Cu-Sn-S phases was already reported above 960 K from in situ neutron powder diffraction experiments. [START_REF] Lemoine | High temperature neutron powder diffraction study of the Cu 12 Sb 4 S 13 and Cu 4 Sn 7 S 16 phases[END_REF] In addition to vanadium, SEM/EDS analyses on SPS873 revealed inhomogeneous distribution of Cu in the nanocrystalline matrix surrounding the core-shell structures (Fig. S7-S8, Table S2). The SEM image of the polished microstructure taken at larger magnification (Fig. 3b) shows the presence of brighter nanosized particles within the matrix with dark gray contrast (the black regions are pores).

The SEM/EDS analyses indicate that the matrix phase is colusite, but the composition varies due to the presence of inhomogeneities at the micro-(vanadium) and nano-scale (copper).

TEM analyses of this sample have confirmed that the sample is composed of nanosized particles and mainly two types of particles with very different contrast were observed (Fig. 3 c,d). Colusite nanoparticles always give characteristic contrast resembling Moire fringes, which might be due to inhomogenous distribution of V and Sn within the colusite phase.

Chemical composition of various colusite particles was inspected with TEM/EDS and the results showed composition with varying overall V+Sn content and fairly constant V:Sn ratio of 1:3. Additionally, grains containing only Cu and S were found among the colusite particles.

Quantification of the Cu:S ratio was unreliable due to the additional Cu signal stemming from the brass ring (TEM sample support); however, composition close to 2:1 may be anticipated as traces amounts of Cu 1.8 S where detected by XRPD in SPS873. Polished microstructure of the SPS1083 sample reveals some residual porosity (Fig. S9a) and SEM/EDS analyses did not show variations in the chemical composition of colusite at the micro-level. TEM analysis (Fig. S9b and Fig. S10) has shown that colusite grains have constant average chemical composition with the expected V:Sn ratio; however, distribution of both elements within colusite lattice might be locally inhomogeneous. TEM/EDS analysis of grain boundaries did not reveal any local segregation. Finally, the level of cationic disorder, crucial in order to explain the thermal transport properties, [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] has been investigated using transmission electron microscopy (TEM), including electron diffraction analysis (ED) and high-angular annular dark field scanning TEM (HAADF-STEM). previously. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] Moreover, HAADF-STEM studies of grain boundaries evidence preferential localization and segregation such as high levels of cationic disorder along the interface region.

Figure 6 shows high resolution HAASDF-STEM image of one of the grain boundaries in SPS1083. The interface is very sharp and no secondary phase or amorphous layers were detected. The right grain in Figure 6 is oriented along the [001] zone axis and exhibits contrasts typical for colusite structure HAADF-STEM images along this particular zone axis (See Fig. 4). However, besides well-ordered areas (Fig. 6c), some cationic disorder (Fig. 6a,b) can be clearly distinguished. They are located along the grain boundaries and initiated from the interface. In order to get more insight into the level of disorder arising from Sn-site defects, 119 Sn Mössbauer spectra were recorded at room temperature for SPS873 and SPS1083 (Fig. S11).

In both cases, the spectra exhibit a narrow quadrupolar doublet but with slightly different hyperfine parameters. The values of the isomer shift (δ) deduced from the fit are 1.35 ± 0.01 mm s -1 and 1.45 ± 0.01 mm s -1 for SPS873 and SPS1083, respectively. These values are characteristic of tin atoms in a +IV oxidation state. The value of the quadrupole splitting is also slightly enhanced for SPS1083 (ΔE Q = 0.46 ± 0.03 mm s -1 ) compared to SPS873 (ΔE Q = 0.29 ± 0.08 mm s -1 ). The same trend is observed for the full width at half-maximum of the lines, which is higher for SPS1083 (Γ = 1.18 ± 0.04 mm s -1 ) than SPS873 (Γ = 1.02 ± 0.09 mm s -1 ). This broadening of the Lorentzian lines of the quadrupolar doublet indicates a higher level of disorder of the crystal structure after the high temperature treatment. Note that adding a doublet (5% of total spectral area, pink curve in Fig. S11) attributed to a small amount of impurity improves slightly the fit of the spectrum in case of SPS873. This is consistent with the presence of unreacted vanadium and subsequent off-stoichiometry that leads to the presence of small regions of different compositions. 

Electrical properties

The electrical properties of the V-Sn colusite samples prepared from binary and sintered at various temperatures (SPS873 → SPS1083) are displayed in Figure 7(a,b,e). The characteristic behavior of the electrical resistivity for all samples is metallic over the investigated temperature range. For the samples subjected to milder sintering conditions, SPS873 and SPS1023, the electrical resistivity retains a metallic behavior across the whole investigated temperature range, characteristic of ordered colusite. However, SPS1073 and SPS1083 exhibit slightly different temperature dependences with a distinctive "S" shape, as observed previously in Cu 26 CrTGe 6 S 32 (T = Mo, W). [START_REF] Kumar | Copper-rich thermoelectric sulfides: size mismatch effect and chemical disorder in the [TS 4 ]Cu 6 complexes of Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W) colusites[END_REF] This somewhat characteristic shape has been linked to a change in transport mechanism caused by the level of disorder and its impact on the Cu-S conduction network. [START_REF] Kumar | Copper-rich thermoelectric sulfides: size mismatch effect and chemical disorder in the [TS 4 ]Cu 6 complexes of Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W) colusites[END_REF] Concurrently, the Seebeck coefficient for all samples retains similar temperature dependence and positive value, i.e. p-type character, as well as evidencing a decrease in the hole concentration with sintering temperature, confirmed by Hall effect measurements at room temperature (Table 1). This decrease along with the electrical resistivity behavior are consistent with sulfur loss and the accompanying cationic disorder and cation self-intercalation in tetrahedral positions similar to the 2a site occupied by V. This type of disorder drives the crystal structure away from that of ideal colusite and can be linked to the aberrant values of atomic displacement observed in the Rietveld refinements of PXRD data (Table S1). Overall, as the sintering temperature rises, the stoichiometry of the colusite phase furthers from the nominal composition and drives the transport properties towards a more semiconducting state. As a result, the sample with the highest electrical resistivity, namely SPS1083 with ρ = 1.02 mΩ cm and ρ = 1.93 mΩ cm at 300 K and 663 K respectively, also exhibits the highest Seebeck coefficient with S = 76 μV K -1 and S = 141 μV K -1 at 300 K and 663 K respectively (Fig. 7(a,b)). Consequently, the improved Seebeck coefficient more than compensates for the increase in electrical resistivity and the resulting power factor, S 2 /ρ, is improved with a maximum value of 1.04 mW m -1 K -2 at 663 K compared with the previously reported maximum of ca. 0.77 mW m -1 K -2 at 673 K for labscale V-Sn colusite. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] Note that the electrical transport properties for the present samples are largely improved over the reported lab-scale V-Sn colusite regardless of the sintering temperature. The comparatively lower electrical resistivity at similar Seebeck coefficients for samples prepared from industrial binary precursors can be partly explained by the larger grain size. In addition, the presence of the vanadium-rich core-shell structures may also play a role in the transport property discrepancies with high purity lab-scale samples. From Hall effect measurements at 300 K (Table 1), we observe a decrease in the carrier mobility, μ, with sintering temperature that can be explained by the higher cationic disorder, confirmed by HAADF-STEM (Fig. 456) and 119 Sn Mossbauer Spectroscopy (Fig. S11).

However, this decrease is only significant up to SPS1073 and the mobility varies only marginally for SPS1083. By using the single parabolic band model approximation for acoustic phonon scattering, [START_REF] Snyder | Complex thermoelectric materials[END_REF][START_REF] Cutler | Electronic Transport in Semimetallic Cerium Sulfide[END_REF] we can qualitatively compare the effective mass of the charge carriers as function of sintering temperature:

( ) ( equation 1) 
where S is the Seebeck coefficient, k B the Boltzmann constant, h the Planck constant, e the electron charge, n h+ the carrier concentration, m * the effective mass, and T is the absolute temperature. Nevertheless, the obtained values for the effective mass (Table 1) must be considered with a healthy amount of caution as this very simplified model might not give an accurate depiction of the complex transport behavior of colusite. In particular, we know that the conduction mechanism in the related colusite Cu 26 Cr 2 Ge 6 S 32 can change dramatically with only but a slight variation in the cationic arrangement, from acoustic phonon scattering to a impurity scattering-like mechanism. [START_REF] Kumar | High Power Factors of Thermoelectric Colusites Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W): Toward Functionalization of the Conductive "Cu-S" Network[END_REF][START_REF] Kumar | Copper-rich thermoelectric sulfides: size mismatch effect and chemical disorder in the [TS 4 ]Cu 6 complexes of Cu 26 T 2 Ge 6 S 32 (T = Cr, Mo, W) colusites[END_REF] Nonetheless, we can observe that, up to 1073 K, a higher sintering temperature causes a reduction in charge carrier concentration and is accompanied by a decrease in the mobility and an increase in the effective mass of the charge carriers (Fig. S12). For SPS1083, these changes are less significant and might be evidencing a competition of effects between grain growth, disorder and the disappearance of the vanadium core-shell structures, resulting in a minimum in charge carrier mobility for SPS1073.

Thermal properties

The principal objective behind sintering at higher temperature was to decrease the thermal conductivity via the synergistic effects of sulfur loss and structural disorder, i.e. reducing the electronic and lattice contributions, respectively. This was particularly efficient when labscale V-Sn colusite was sintered in a hot-press for over an hour at 1023 K, leading to a large decrease in the total thermal conductivity from ca. 2.1-2.9 to ca. 0.6 W m -1 K -1 at 675 K. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] Surprisingly, such drastic reduction was not observed here (Fig. 7(c,d)), even at sintering temperatures as high as 1083 K, with a minimum κ of ca. 1 W m -1 K -1 at 673 K for SPS1083; a value about 40 % higher than the disordered lab-scale hot-pressed colusite previously reported. The unit cell parameter, a, is a good indicator of the level of disorder as it reflects the extent of sulfur loss. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF][START_REF] Suekuni | Atomic-Scale Phonon Scatterers in Thermoelectric Colusites with a Tetrahedral Framework Structure[END_REF] Here, the largest unit cell parameter is expectedly obtained for SPS1083 with a value of 10.8081(1) Å that, despite a significant increase over stoichiometric V-Sn colusite (a = 10.7657 [START_REF] Witting | The Thermoelectric Properties of Bismuth Telluride[END_REF] in this work and a = 10.7701(2) in ref 17), remains quite smaller than the highly disorder V-Sn colusite reported previously with a = 10.8289(2) Å. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] This suggests that the present synthesis and sintering conditions are slightly less efficient in generating structural disorder. Meanwhile, a significant reduction was obtained in the electronic contribution to the thermal conductivity (Fig. S13), which led to a systematic reduction in the total thermal conductivity with sintering temperature over the whole investigated temperature range.

Despite the lower sintering temperature, the amplitude of the lattice thermal conductivity at high temperature is lower than expected for SPS873 and SPS1023 samples, with values consistent with disordered V-Sn colusite and reaching a κ lat around the theoretical minimum of 0.27 W m -1 K -1 . [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] The consequence is an increase in this lattice contribution with sintering temperature for SPS1073 and SPS1083 in contradiction to the strong expected reduction from temperature-induced defect formation. While the smaller-than-expected unit cell parameter a for samples sintered at 1073 K and 1083 K suggests a lower level of disorder, it does not suffice to explain the increased κ lat observed between samples sintered at these temperatures. Instead, the increased lattice contribution with sintering temperature is explained by the substantial grain growth evidenced in Figure 2 and the disappearance of the nano-microsize defects (Fig. 2, 3, S9) that are likely to provide additional phonon scattering centers. Additionally, and despite a relatively small sintering temperature difference between SPS1023, SPS1073 and SPS1083, a clear change in the amplitude of the lattice thermal conductivity is consistent with the disappearance of the defects and submicron particles as observed in the previous section. These observations are also strengthened by the TG/DSC analyses that clearly identified a thermal event at 1050 K that can be related to an onset of sulfur loss and a rapid grain growth. Indeed, the thermal event occurring at around 1050 K can therefore be held responsible for the larger particle size and the complete crystallization of colusite from the vanadium core-shell structures. In samples prepared from high purity elements, such core-shell structures were not observed. [START_REF] Bourgès | High-Performance Thermoelectric Bulk Colusite by Process Controlled Structural Disordering[END_REF] Hence, their formation is attributed to the use of binary precursors that quickly form a sphalerite-like pseudo-crystalline matrix with distributed vanadium metal particles that diffuse partially at 873 K and are fully reacted at 1083 K. An investigation into the kinetic aspect of the sintering of V-Sn colusite is currently on-going in order to explain the impact of sintering time on the formation/disappearance of the vanadium-rich core-shell structures and grain-growth.

As a result of the simultaneous increase in power factor and decrease in the thermal conductivity, SPS1083 exhibits a maximum ZT value of ca. 0.7 at 673 K and a ZT avg of 0.41 over the 300 K-673 K range, a nearly factor 3 improvement over SPS873 with a ZT avg of 0.15 (Fig. 7f). While this performance remains slightly below that of the lab-scale disordered V-Sn colusite with a ZT of ca. 0.9 at 675 K, it is a small loss considering the use of a scale-up process and cheap industrial-grade binary precursors. Additionally, the power factor was significantly improved by ca. 30% over that of lab-scale V-Sn or Ta-Sn colusite over the whole temperature range. This is in itself quite desirable as the overall output power density of the thermoelectric device depends on the power factor. These electrical performances are, to date, the best amongst germanium-free colusites whether we compare the maximum power factor or the average power factor over the temperature range 300 ≤ T / K ≤ 650 K (Fig. 8). adapted from [12, 14, 18, 19, 21, 24, 25, 28-30, 32, 40, 42, 52-63].

Conclusion

We successfully produced large batches of the performing thermoelectric colusite, Cu 26 V 2 Sn 6 S 32 , using up-scaled mechanical alloying with optimized milling conditions and SPS process. Despite the use of industrial grade metal sulfides, samples with excellent purity and reproducibility have been obtained. In-depth microstructural analysis has been carried out in order to explain the discrepancies in the thermoelectric performance between high-purity lab-scale V-Sn colusite and the present samples. The main difference, namely the ultralow lattice thermal conductivity down to the theoretical minimum for SPS873, is attributed to the presence of nano-microsize defects. These defects arise from the incomplete crystallization of the colusite phase and provide additional phonon scattering centers. In particular, the presence of vanadium core-shell structures gives additional insights into the formation mechanism of colusite from binary precursors. At higher sintering temperature, the induced cationic disorder and sulfur-deficiency lead to an overall improvement of the thermoelectric performance compared with lower sintering temperatures with the highest reported power factor in germanium-free colusite and a maximum ZT value of ca. 0.7 at 673 K and a ZT avg of 0.41 over the temperature K range 300 ≤ T / K ≤ 673 K for SPS1083. In other less metallic phases involving similar vanadium diffusion as part of the crystallization, low lattice thermal conductivity may be achieved by promoting the formation of vanadium core-shell structures.
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 1 Figure 1. Rietveld refinement from XRPD room temperature data from a V-Sn sample
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 2 Figure 2. Scanning electron micrographs of a fractured surface of (a) the reference V-Sn

Figure 3 .

 3 Figure 3. Microstructural analysis of SPS873: (a) Backscattered SEM image of polished

Figure 4 .

 4 Figure 4. ED patterns of SPS873 collected for 3 main zone axis -[001]*, [011]* and [111]* confirming the cubic P ̅ 3n colusite structure (upper panel). The [001] and [111] HAADF-

Figure 5 .

 5 Figure 5. ED patterns of SPS1083 collected for 3 main zone axis -[001]*, [011]* and [111]* confirming cubic P ̅ 3n colusite structure (upper panel). The [001] and [111] HAADF-STEM

Figure 4 4 ,

 44 shows the ED patterns of SPS873 collected for three main zone axis, i.e. [001], [011] and [111]. All patterns are matching with colusite Cu 26 V 2 Sn 6 S 32 structure (space group P ̅ 3n). No superstructure spots, streaks or spots distortion due to possible long range order/disorder, or extended defects are present. The high resolution HAADF-STEM imaging along two most informative [001] and [111] zone axes (Fig. bottom panel) of colusite confirmed the expected highly ordered structure with no apparent defect or cationic disorder. The enlarged images (Fig. 4, bottom panel insets) with overlaid structural model shows good matching of all atomic columns with an experimental image, where the brightest dots in HAADF-STEM image correspond to Sn (Z = 50) and less bright to Cu (Z = 29) and V (Z = 23) atoms. The ED analysis of SPS1083 (Fig. 5, upper panel) does not show a significant difference from the ED patterns of SPS873. However, the high resolution HAADF-STEM images, in spite of the good overall level of ordering, exhibit some local atomic cationic disordered regions. The careful analysis of [111] HAADF-STEM image revealed a recognizable reduction in brightness for the Sn atomic column (Fig. 5, bottom panel inset) suggesting cationic inhomogeneity within Sn atomic column as it was reported
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 6 Figure 6. High resolution HAADF-STEM image of GB (marked by white arrow) in SPS1083

Figure 7 .

 7 Figure 7. Temperature dependence of (a) electrical resistivity, ρ, (b) Seebeck coefficient, S,
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 8 Figure 8. Comparison of the electrical performances of SPS873 and SPS1083 from this work

Figure 9 .

 9 Figure 9. Comparison between the estimated lattice contribution to the thermal conductivity

  

  2 ,[37] Bi 2 S 3 ,[38] Cu 4 Sn 7 S 16 ,[28] Cu 2 SnS 3 ,[39] Cu 22 Fe 8 Ge 4 S 32 ,[12], Cu 6 Fe 2 SnS 8 /Cu 2 FeSnS 4 composite,[40] Cu 8.5 Fe 2.5 Sn 2 S 12 ,[14] Cu 5 FeS 4 ,

Table 1 .

 1 Room temperature charge carrier concentration, n h+ , electrical resistivity, ρ, carrier mobility, μ, and effective mass, m*/m o for Cu 26 V 2 Sn 6 S 32 at different sintering temperatures.

	TSPS (K) nh+ (×10 21 cm -3 ) ρ300K (Ω m) μ300K (cm 2 V -1 s -1 ) m*/mo
	873	6.56	3.56×10 -6	2.68	5.3
	1023	5.81	5.31×10 -6	2.02	7.3
	1073	5.66	9.12×10 -6	1.21	10.6
	1083	4.45	10.2×10 -6	1.38	10.2
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