One step synthesis and sintering of Ni and Zn substituted tetrahedrite as thermoelectric material
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Abstract

Tetrahedrite mineral family, one of the most widespread sulfosalts on Earth's crust, seems to meet the right features for an attractive sustainable p-type thermoelectric material, showing relatively high
conversion efficiency. The sulphide powders were ball milled and then one-step simultaneous synthesis and sintering process was performed by open die pressing (ODP). This simple, fast, and easy scalable
route was extensively discussed for the first time in this work and permitted to obtain thermoelectric pellets starting from sulphide precursors, with a whole process lasting less than 6 h. Both Zn and Ni
cations were added as partial substituents of Cu in Cu,,Sb,S;; permitting to considerably improve the thermoelectric performances of the undoped material prepared by ODP. The influence of precursors ratio
on the tetrahedrite phase, secondary phase content and stoichiometry were investigated by X-ray diffraction, scanning electron microscopy and energy dispersive X-ray spectroscopy. The density and
mechanical stability of samples were evaluated as a function of the chemical composition and processing parameters. A complete thermoelectric characterization was carried out for samples with different Zn

and Ni substitution up to 400 °C.
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1 Introduction

The interest in thermoelectric materials raised in the recent years due to the possibility of designing thermoelectric generators (TEGs). TEG are reliable solid-state devices for waste heat recovery able to
generate electricity where the employment of other technologies is not suitable. In this direction, the automotive market is making efforts in order to couple TEGs to combustion engines for improving the overall

system efficiency exploiting the exhaust steam heat recovery [1].

Nowadays, one of the main challenge in the thermoelectric field seems to be the identification of efficient thermoelectric materials, which should be inexpensive, easy to synthesize, and comprised of earth-
abundant elements. In this perspective, tetrahedrite mineral family, one of the most widespread sulfosalts on Earth's crust, seems to be an attractive sustainable source for p-type thermoelectric materials.
Tetrahedrites show a relatively high figure of merit ZT (ZT = o?p~'x"'T, where o is the Seebeck coefficient, p the electrical resistivity and x the thermal conductivity) with values around unity at 450 °C [2,3]. This
temperature is particularly suitable for waste heat recovery, the same supported by chalcogenides, representing an important material feature which people working on development of automotive thermoelectric
applications are interested in. Minerals of the tetrahedrite series, ranging from Cu(I),,Cu(II),Sb,S,; to Cu(I),,Cu(Il),As,S;; (tennantite), can easily host several kind of elements (such as Mn, Fe, Co, Ni, Zn, Pb, Cd, and

Hg) and are often associated to gold, silver, and telluride ores. In particular, they are present in nature as single mineral (especially in America) and as accessory minerals in hydrothermal rocks (very common in



Europe), hardly separable by other sulphides (mainly pyrite and chalcopyrite) [4-6].

Nevertheless, working on the geomimetic synthetic tetrahedrites can deepen the knowledge about this material leading to understand how to enhance and exploit the natural mineral effectively. On the other

hand, it is possible to tailor the material avoiding or limiting the presence of undesired toxic elements, such as Pb, Te and As, a crucial issue for those natural mineral thermoelectric materials.

By the crystallographic point of view, the cubic tetrahedrite phase, Cu'*,, Cu?*, Sb%*, S*,,, possesses two different lattice sites Cu(1) and Cu(2) with sulphur atoms tetrahedrally and trigonally coordinated
respectively. In general, the site Cu(1) is occupied for one third by the monovalent copper cations and two third by the bivalent ones, whilst the site Cu(2) is occupied only by the monovalent ones [7]. The low lattice
thermal conductivity seems to be mainly related to the site Cu(2), whilst the substitution of the bivalent cations in the site Cu(1) mainly affects the electrical resistivity, thus decreasing the charge carrier contribution

to the thermal conductivity [8-10].

The state of art for this material shows the best improvement in thermoelectric properties by the substitution of Cu?* atoms with Ni and Zn. In particular, the ZT of tetrahedrite is reported to increase from
about 0.6 (at 400 °C) up to 0.9 (at 447 °C) with Zn substitution [3], while a value of 0.7 (at 392 °C) was reached with Ni substitution [10]. Zn reduced the electrical conductivity of tetrahedrite, and consequently the
electronic part of the thermal one. Introducing both the substituents, the best performance was achieved with a resulting ZT of almost 1 at 450 °C [11], making the tetrahedrite the polycrystalline thermoelectric
material with the highest performance in this temperature range. In general, the synthetic routes reported in literature so far are multi-step processes mainly based on direct melting methods performed in vacuum,
starting from pure elements and employing high temperatures (above 700 °C). The whole procedure can last from 54 h up to several weeks [3,10,12,13]. Recently, several authors addressed their efforts to develop
simpler and shorter synthesis procedures for an easier industrial scale-up [6,14,15]. In particular, Barbier et al. were able to exploit their rapid synthesis route for a production of large tetrahedrite pellets

(Cu,4Ni, 4Sb,S,;) employing spark plasma synthesis technique, with a resulting ZT of 0.75 at 427 °C [16].

On the basis of these considerations, in this work both Zn and Ni cations were employed as partial Cu?* substituents, starting from the best reported thermoelectric performance stoichiometry
(Cuy4.5Ni;Zn, sSb,S;5) [11] and focusing on improving the procedure for a simple, scalable and fast route for mechanically stable thermoelectric tetrahedrite pellet. In particular, ball milling treatment of sulphide
powder precursors and one-step reactive sintering method were performed by open die pressing (ODP) [17], with an overall duration of less than 6 h. The reactive sintering process was previously demonstrated to be
effective for fast thermoelectric material production employing spark plasma sintering technique (SPS) [18,19]. With respect to the SPS, the ODP technique is cheaper (for instance, vacuum is not needed), permitting

the sintering even of oxygen sensitive materials [20].

2 Material and methods

Ni-Zn substituted tetrahedrite materials were fabricated via solid state reaction of sulphide powder precursors and elemental sulphur to obtain four different Cu,,Cu,,Ni,Zn,Sb,S,;, stoichiometries with
x = 0.0, 0.3, 0.5, 0.7. Cu,,Sbh,S,; was also synthesized as reference (blank sample). Two series of samples for each stoichiometry were synthesized: in the second series, named Ni-rich samples, a 15 wt% excess of

Ni;S, was added as a Ni- binder additive.

CusS (Sigma Aldrich, 100 mesh, purity of 99%), Cu,S (Sigma Aldrich, 100 mesh), Sb,S; (Sigma Aldrich,), Ni;S, (Sigma Aldrich, 150 mesh, purity of 99.7%), ZnS (Sigma Aldrich, 10 pm, purity of 99.99%), and S
(Sigma Aldrich, 100 mesh, purified by sublimation) were mixed in the appropriate stoichiometry and processed in a planetary ball mill (Pulverisette 5, Fritsch) employing tungsten carbide balls and jar at 350 rpm,
with a ball to powder ratio of 10:1, and with 9 cycles lasting 20 min spaced out with pauses of 10 min. 10 mL of hexane was used as milling medium (Sigma Aldrich purity of 98.5%). Open die pressing process [17] was
employed for simultaneous synthesis and consolidation of tetrahedrite powders, permitting the obtaining of samples with size of about 4 cm? and thickness up to 5 mm. The process was performed using iron annealed
tubes as sheath material: to prevent reactions or contamination of the thermoelectric phase a layer of boron nitride (BN) was deposited on the internal surface of the tube. The composite billet was assembled and
closed with aluminium caps under argon atmosphere to prevent possible oxidation of the thermoelectric powders. Since the highest operating temperature of ODP facility is 500 °C, the composite billets were
processed with 12 tons at 470 °C for 5 min to prevent the formation of secondary phases into the material, as observed by other authors [11], and to guarantee the absence of diffusion phenomena through the BN
protective layer. In order to promote the phase evolution and sintering during ODP process a pre-heating cycle at higher temperature (520 °C, 10 min in a chamber furnace) was performed. The process parameters

were set in order to have an overall time below 1.5 h, including the cooling step and the sheath removal.

The crystalline phases of ground samples were revealed by X-ray diffraction (XRD) using a PANalytical X'Pert Pro diffractometer with Bragg-Brentano geometry and Cu Ka radiation. The system is equipped
with a thermal chamber (HTK1200N) able to reach 1200 °C in a controlled atmosphere (inert gas or vacuum), here used for the analyses up to 400 °C. XRD analyses were performed at room temperature (in air) and

as a function of temperature, collecting the pattern at 50, 100, 200, 250, 300, and 400 °C employing a temperature ramp of 50 °C min~! and maintaining the samples under He pressure of 0.05 MPa. The phase



identification of the XRD patterns was carried out employing Match! software (version 3.2.1 70) exploiting inorganic crystal structure database (ICSD, version 2016/1). The Rietveld refinement, performed by MAUD
software [21], on the XRD profiles were exploited to obtain information of phase amounts, crystallite sizes and theoretical densities of samples [22]. The pellet densities were estimated through the geometrical

method with a resulting error of 2% of the relative density values.

The morphological and quantitative compositional characterizations were performed by Sigma Zeiss field emission scanning electron microscope (FE-SEM) equipped with Oxford X-Max energy dispersive X-
Ray spectroscopy (EDS) system. The EDS point analyses were carried out onto polished and carbon coated samples at 20 kV accelerating voltage, with acquisition time of 50 s, employing software INCA 4.14 (Oxford
Instruments). The software was calibrated for quantification using the following standards referenced to a Co optimization standard (99.995%, Alpha Aesar USA, purchased by Astimex Standards): sphalerite ZnS
(synthetic, S 32.91 wt%, Fe 0.01 wt%, Zn 67.07 wt%, Sn 0.01 wt%, Cerac Inc. USA), Copper Cu (99.999 wt% Johnson Matthey Chemicals, UK), and Nickel (99.97 wt%, Alpha Aesar, USA) purchased by SPI Supplies,
and stibnite Sb,S; (S 28.300 wt%, Sb 71.700 wt%, Cameca standards). The number of the cations was based on a unit formula of 29 and calculated maintaining the number of S atoms fixed to 13 [4,23,24]. The

respective errors were calculated as the standard deviations of the measures.

Simultaneous thermogravimetric and differential scanning calorimetry analysis (TG-DSC) were carried out on crushed pellet powders (=10 mg on alumina crucibles) by means of SDT Q 600 Apparatus (TA

Instrument) from room temperature to 600 °C under synthetic nitrogen flow (rate 100 mL/min), with a heating rate of 10 °C/min.

The thermal diffusivity of the samples was measured by a laser flash thermal diffusivity apparatus (Netzsch LFA 457 MicroFlash®). The thermal conductivity x was calculated according to the formula & = adC,
where a is the thermal diffusivity, d the density and C, the specific heat of the material. The specific heat was calculated by means of the Netzsch Proteus Analysis software, comparing the samples with the standard
material Netzsch Pyroceram 9606. The declared relative uncertainty was 3% for thermal diffusivity, and 5% for specific heat. The Seebeck coefficient, @, and the electrical resistivity, p, were measured in the
temperature range from RT to 400 °C with a relative uncertainty of 5% and 10% respectively, using a customized test apparatus described elsewhere [25]. All measurements were carried out under Ar atmosphere

with a heating ramp of 2.5 °C min~!. The combined uncertainty for ZT resulted to be 20%.

3 Results and discussion

The influence of the stoichiometry, the synthesis conditions and the open die pressing process parameters on the tetrahedrite phase content, density, and thermoelectric properties of samples were
investigated. In Fig. 1, the XRD pattern of sulfide precursors, prior and after ball milling treatment lasting 3, 12, and 24 h, are listed. As a first step, the employed precursor quantities were calculated in order to
obtain a nominal stoichiometry of the final product of Cu,,Zn,Sh,S,;. The mechanical alloyed fraction increased with the increasing time, giving rise to the formation of the tetrahedrite phase up to a content close to
70 wt % after 24 h process.
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Fig. 1 XRD patterns of the Cu,,Zn,Sh,S;; precursor powders after ball milling treatment for 3, 12, and 24 h and after ODP process.

alt-text: Fig. 1

After preliminary open die pressing consolidation process (pre-heating at 355 °C, processing with 35 tons at the same temperature and sintering at 355 °C for 20 min), different results depending on the

starting powders were obtained. The powders milled for a shorter time (3 h and 12 h), showed a limited mechanical alloying and reacted during the sintering process giving rise to more than the 90 wt% of



tetrahedrite phase (ICSD 62116), with residual secondary phases identified as the orthorhombic Cu;SbS; (ICSD #403111), Cu,,S, (ICSD #53330), and CuSbS, (ICSD #85133). Conversely the 24 h milled powders
evolved during the sintering process to of a series of complex secondary phases arduous to be correctly resolved leading to a large uncertainty of the tetrahedrite phase quantification in the sintered sample. These
preliminary results suggested limiting as much as possible the mechanical alloying, detrimental for the ODP simultaneous synthesis and sintering process. Being the 3 and 12 h treated powder results substantially

comparable after ODP process, the shortest milling time (3 h) was chosen in order to reduce the whole process time.

To evaluate the effect of Zn content on material properties, four Cu,,Cu,,Ni;Zn,Sb,S;; compositions with x = to 0.0, 0.3, 0.5, 0.7 were prepared starting from the best performing one, Cu,,Cu,sNi;Zn,;Sb,S;;

[11]. Different pre-heating and pressing ODP temperature were explored and the preparation conditions were chosen maintaining the shortest milling time. The powders were ball milled for 3 h at 350 rpm in order to

limit the mechanical alloying and the ODP conditions were chosen with a preheating at 520 °C for 10 min and then a pressing with 12 tons at 470 °C for 5 min. Fig. 2 depicted, as an example, an obtained pellet after

the ODP process.

Fig. 2 Tetrahedrite pellet obtained by ODP process as it is after iron sheath removal.

alt-text: Fig. 2

As it is possible to observe by the XRD patterns listed in Fig. 3, after ODP treatment, all samples possessed the single tetrahedrite phase, with the exception of the sample with x = 0.7, which showed low
intensity unknown peaks at 29.3°, 33.7°, 34.2°. Otherwise, the blank sample XRD pattern appeared more complicated if compared to the other samples. Indeed, in addition to the presence of orthorhombic Cu;SbS;
(ICSD #403111) and CuS (ICSD #32106), it resulted an overlapping of several very similar phases, likely Cu,,Sb,S,; (ICSD #62112, Cu-poor tetrahedrite(ICSD # 41753), and cubic Cu;SbS; (ICSD #53332), which can

be considered as a sub-stoichiometric tetrahedrite [26].
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Fig. 3 XRD patterns of the sample obtained after ODP process at 470 °C for 5 min.

alt-text: Fig. 3



Unfortunately, sample x = 0.0, 0.3 and 0.5 broke up immediately after iron sheath removal, probably due to high internal stresses. This effect could be due to the difference in thermal expansion coefficients
between the metallic sheath and the thermoelectric material: during the cooling after the sintering process, the larger contraction of the Fe external layer introduces a mechanical stress into the inner material,
leading to the final fragile behavior of the pellets. Blank sample and the one with x = 0.7 showed good mechanical properties enough to allow the functional characterization. It was possible to characterize sample
with x = 0.0 as well, even though broken. The calculated relative densities resulted to be 93%, 97%, 92% and 90% for x = 0.0, 0.3, 0.5, and 0.7 samples respectively. Observing secondary electron SEM micrographs
listed in Fig. 4 (a, b, ¢, d, e), it is possible to assert that the blank sample possessed a relative density above the other sample ones. Moreover, it is worth noting that the Zn adding seemed to affect the grain size,

which appeared less homogenous and smaller with Zn content increasing.

Ay b

Fig. 4 Secondary electron micrographs of the fractured ODP samples: a) blank; b) x = 0.0; ¢) 0.3; d) 0.5 e) 0.7.
alt-text: Fig. 4

EDS stoichiometric quantifications, listed in Table 1, highlighted lower Cu contents than expected, probably due to the tetrahedrite tendency to deviate from the stoichiometry, in particular when substituted
[23,27]. In the case of sample x = 0.7, the stoichiometry discrepancy is consistent with the presence of the different secondary phases detected by XRD. Otherwise, it is not possible to quantitatively evaluate the blank

sample stoichiometry due to the presence of cubic Cu;SbS; phase, which corresponds to a tetrahedrite sub-stoichiometric phase.

Table 1 Tetrahedrite phase stoichiometry results of the ODP samples obtained by EDS analyses.

alt-text: Table 1

Sample nominal stoichiometry Cu;; Ni,Zn,Sb,S, EDS tetrahedrite stoichiometry
Cu Ni Zn Sbh S
Blank = = <13.0

x=0.0 10.3 £ 0.2 09 0.1 - 4.0 0.1 13.0



x = 0.3
x = 0.5
x = 0.7

In order to enhance the mechanical properties of the material, thus permitting an extensive functional characterization, a new sample series was prepared with the nominal stoichiometry of x equal to 0.3, 0.5,
0.7, 1.0. The same route conditions of the previous series were employed, but introducing a Ni excess as a binder additive by means of a 15 wt% of Ni;S, precursor excess: the resulting S sub-stoichiometry was not
completely compensated in order to obtain an excess of Ni. Indeed, the presence of small quantities of metals can enhance the sintering process of materials [28]. The choice of such element, instead of Cu and Zn,

was mainly justified by its slighter influence on the tetrahedrite resistivity compared to the other metals present in the tetrahedrite [11]. Moreover, its role as a binder resulted clear being the stoichiometry

unchanged among the two sets of samples.

Table 2 lists a summary of the prepared samples characteristics: the respective tetrahedrite phase contents were obtained by the Rietveld refinement of the XRD patterns (Fig. 5), collected at 50 °C. As
previously observed, the tetrahedrite content augmented with the Cu substitution by Zn up to x = 0.5. For higher contents, the tetrahedrite phase decreased. The main secondary phases were NiSbS which was 4 wt%

for all samples, and tetragonal Cu,S (ICSD #16550) about 2-4 wt%, as already observed by other authors [29]. As an example, Fig. 6 depicted FE-SEM backscattered electron micrograph of a polished sample with

10.6 = 0.1

10.1 £ 0.1

9.9 £0.1

x = 0.5 where the two phases, NiSbS (brighter phase) and Cu,S (darker phase) can be easily distinguished.

09 £0.1 0.3 £0.1
09 £0.1 0.5 % 0.1
0.8 £0.1 0.6 £0.1

Table 2 Blank and Ni-rich samples and their tetrahedrite phase features obtained by refinements of XRD patterns (collected at 50 °C).

alt-text: Table 2
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Fig. 5 XRD patterns (collected at 50 °C) of the Ni-rich samples obtained after ODP process.
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Fig. 6 Backscattered electron micrograph of the polished Ni-rich sample with x = 0.5 as an example: EDS analysis identified the brighter phase as NiSbS, while the darker one as Cu,S (black spots were confirmed to be polishing residues containing Al, Si
and O).

alt-text

The density of the samples seemed to increase with Zn content and not to be affected by the Ni,S, excess (comparing the results with those of previous sample series). Fig. 7 (a, b, ¢, and d) depicts secondary

electron SEM micrographs of the Ni-rich samples, confirming the relative densities obtained by XRD Rietveld refinements.

Nevertheless, the Ni excess seemed to stabilize mechanically samples with x = 0.5. Conversely, sample x = 0.3 would likely need higher Ni excess content to improve its mechanical properties properly.

EDS stoichiometric quantifications, listed in Table 3, highlighted a good accordance between measured and nominal compositions. Ni excess seemed to be concentrated into the secondary phases.

Furthermore, its content in tetrahedrite phase appears to be lower than expected, decreasing with the increasing of Zn content.

Table 3 Tetrahedrite phase stoichiometry results of the Ni-rich ODP samples obtained by EDS analyses.

alt-text: Table 3

Sample nominal stoichiometry Cu;, Ni,Zn,Sb,S,; EDS tetrahedrite stoichiometry
Cu Ni Zn Sh S
Ni-rich x = 0.3 11.0 £ 0.2 0.9 £0.1 0.3 £0.1 4.1 +0.1 13.0



Ni-richx = 0.5

Ni-rich x = 0.7

Ni-richx = 1.0

10.8 £ 0.2 09 £0.1 0.5*0.1 4.1 +0.1 13.0
10.7 £ 0.1 0.8 £0.1 0.7 £0.1 4.1 £ 0.1 13.0
10.1 £ 0.3 0.7 £0.1 09 £0.1 4.1 x0.1 13.0

XRD analyses of blank (Fig. 8) and Ni-rich ODP samples were performed as a function of temperature (under inert atmosphere) up to 400 °C (Fig. 9, which reports Ni-rich ODP sample with x = 0.5 as an

example). Blank sample possessed several phases, such as Cu;,SbS,;; (ICSD #62112), cubic Cu;SbS; (ICSD #32106), orthorhombic Cu;SbS; (ICSD #403111), and CuS (ICSD #32106). At 400 °C it became a

tetrahedrite single phase. After the whole thermal cycle at 50 °C, it showed 50 wt% of cubic Cu;SbS; (ICSD # 53332) in addition to 37 wt% of tetrahedrite one (ICSD #62112), at 50 °C. In Fig. 10, the XRD patterns of

the samples at 50 °C after the thermal cycle are shown. In particular, it is worth noting that NiSbS disappeared by all sample (but the sample with 0.7, which maintained roughly few weight percent), partially giving

rise to the formation of hexagonal NiS (ICSD # 42494). The phases were also detected by other authors [12], even if they observed the formation of NiSbS phase only after 520 °C.In particular, such transformation

occurred after 300 °C, as it is possible to observe by Fig. 8. In general, other phases with few weight percent appeared Sb,0; (ICSD #16851) with a visible peak at 27.6°, Cu,S with cubic (ICSD #202785) and
hexagonal (ICSD #200987) symmetries.
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Fig. 8 XRD patterns obtained at different temperatures of the blank sample.
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Fig. 10 XRD patterns (collected at 50 °C) of the Ni-rich ODP samples obtained after thermal cycle.

T
10 20 30 60 70

alt-text: Fig. 10

It was possible to perform a complete thermoelectric characterization for blank, x = 0 and x = 0.7 sample pellets of the first series, and for all pellets of the second series (the Ni-rich one) but the one with

x = 0.3. Anyway, electrical resistivity and Seebeck coefficients were measured also for samples with x = 0.5 and Ni-rich x = 0.3.

The observed trend of Seebeck coefficients (Fig. 11) and electrical resistivities (Fig. 12) (measured between RT and 400 °C) were fully in agreement with those previously reported [3,11]. The absolute values

of the Seebeck coefficient depended on the chemical composition. Due to the substitution of Cu with Zn, additional electron filled the valence hole states pushing the Fermi level to the top of the valence band,

reducing the charge carrier density [11], and giving rise to the increasing of the values of Seebeck coefficient and electrical resistivity. In particular, |« |tended to increase in the whole temperature range for x = 0.5,
x = 0.7, Ni-rich x = 0.5, Ni-rich x = 0.7, consistently with the fact that the difference between the Fermi level and the energy of the valence band decreased with T and could even move slightly into the gap. Blank and
Ni-rich x = 1.0 samples, showed a different trend below 150 °C: indeed, the Seebeck coefficient values slightly decreased with temperature in that range. It is worth noting that the x = 0 sample possessed higher
Seebeck coefficient values but lower resistivity with respect to the blank sample. As reported by Suekuni et al. [10], « increased within Ni content, while Lu et al. [11] suggested that each substitutional Ni introduced
one hole level to the valence band of the host, maintaining the band structure almost metallic. It was assumed that the increased number of heavy mass holes enhanced the absolute value of the Seebeck coefficient
[10] while both holes and electrons affected the electrical conduction increasing resistivity values. In this case, the presence of secondary phases in the blank sample could result in an increase of the electrical
resistivity, explaining why these values are greater than those measured for sample x = 0. An estimation of the charge carrier density and mobility could be very useful to understand these complex behaviors but, as

already reported by other authors, Hall effect measurement on these kind of materials are really difficult to perform, due to the very small Hall response [23,30].
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Fig. 12 Electrical resistivity of the samples as a function of temperature.
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The change of the electrical conductivity slope observed around 200 °C for all Ni-rich samples was investigated using TG-DSC analyses on pellet samples previously ground (Fig. 13). The analyses displayed a
change in the slope of the DSC curves close to 200 °C on the Ni-rich samples while no changes were observed for blank sample. This downward weak deflection in the DSC signal could be attributable to second order
transitions related to the magnetism of Ni-based compounds, such as the ferromagnetic or antiferromagnetic/paramagnetic transitions. Usually the DSC signals for these processes are weak and sometimes not easy to
detect [31]. This could be the reason why for samples x = 0.0 and = 0.5 that deflection is not visible at the measurement conditions employed. The magnetic transitions could be responsible for the anomalous trend on

the Seebeck coefficient of Ni rich x = 1 sample, where it abruptly decreased in the 150-200 °C range.
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Fig. 13 Differential scanning calorimetry analysis of the samples crashed pellet powder under N, flux.

alt-text: Fig. 13

The thermal conductivity (Fig. 14) of the blank and x = 0 samples increased with the temperature showing higher values as expected by the lower electrical resistivity. Conversely, the thermal conductivity for
co-doped samples did not significantly increased with the temperature. This is consistent with the trend of the electrical resistivity, reflecting the reduction of the electronic contribution to the thermal transport which
is more temperature-dependent [11]. The substitution of Cu with Zn and Ni was expected to further contribute in decreasing the lattice thermal conductivity due to the improved phonon scattering process. In
particular, the efficiency in reducing thermal conductivity seemed to increase with the disorder of the system. In fact, the substitution of Cu with Zn acted both removing carriers from the system and introducing
disorder on the Cu(1) site. This effect reached its maximum when the Zn content was in such a way to move the system out of a lattice symmetric configuration. This could explain the discrepancy observed between
electrical and thermal conductivities results for the x = 1 sample. Indeed, in the x = 1 sample, the Cu substituted sites are exactly half occupied by Ni and Zn cations increasing the order of the system and giving rise

to a slightly higher lattice thermal conductivity as respect to x = 0.5 and x = 0.7.
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Combining the measured physical characteristics, it is possible to observe the adimensional figure of merit of the samples (Fig. 15). In particular, it is worth noting that blank sample ZT values resulted slightly
lower than those published before [3,10,12], even if they are comparable taking into account the large intrinsic error of ZT estimation. Sample x = 0.7 and the Ni-rich x = 0.7 did not show large differences in the
thermoelectric properties (Seebeck coefficients, electrical and thermal conductivities) giving rise to very similar thermoelectric figure of merit. Among the co-doped samples, the Ni-rich x = 0.5 possessed a maximum
value of 0.48 at 400 °C. Like in the blank sample case, this latter result was lower than those (close to 0.9 at the same temperature) reported in literature for the same tetrahedrite phase stoichiometry [11]. The
highest improvement of ZT was obtained for x = 0, with a ZT of 0.65 at 400 °C, even though it was mechanically unstable. That value can be considered compatible, within the experimental error, with the result
obtained on a slightly different composition prepared with a similar synthesis route [14]. Moreover, those ZT results were certainly affected by the lack of density of pellets (around 90%), the lower content of Ni in the

tetrahedrite phase, and the presence of several secondary phases, even though limited to few weigh percent.
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Fig. 15 Figure of merit of samples as a function of temperature.
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4 Conclusions

In this work, thermoelectric tetrahedrite pellets were obtained with both Zn and Ni cations as partial substituents of Cu by a ball milling pre-treatment of sulphur powder precursors and a successive fast one-
step simultaneous synthesis and sintering by ODP. The mechanical stability of the pellets was reached for the stoichiometry Cu,, ,Ni;Zn,Sb,S;; with x = 0.5 introducing 15 wt% of the precursor Ni;S,, and avoiding to
completely compensate the S sub-stoichiometry in order to have an excess of Ni. The latter seemed to not substantially increase its content inside the tetrahedrite phase, which was characterized by quantitative EDS
analyse, but to decrease it by giving rise to the presence of several secondary phases. The presence of the dopants decreased lattice thermal conductivity due to the phonon scattering process, and increased Seebeck
coefficient and electrical resistivity. This gave rise to an improvement of ZT from 0.20 of the undoped blank sample to 0.48 at 400 °C for the sample x = 0.5, which possessed good mechanical stability, even if it

resulted lower than the one reported in literature for the same phase stoichiometry [11]. The highest improvement of ZT was obtained for x = 0 sample with a ZT of 0.65 at 400 °C, even though it lacked of mechanical



stability, being however compatible within the experimental error with the result obtained on a slightly different composition prepared with a similar synthesis route [14].

This work demonstrated that it is possible to obtain tetrahedrite pellets with size of some centimetres with a good mechanical stability using simple and cheap processes, following fast routes (lasting less than
6 h), potentially easily scalable up to the production of pellets with the size of tens of centimetres. Moreover, the thermoelectric performance of the material produced, slightly lower than the best ones reported in
literature, does not prevent the ODP based production route by an industrial application since, nowadays, a n-type thermoelectric leg compatible with tetrahedrite based p-type leg, such as Mg,Si [28] or TiS, [16], still

lack of a figure of merit higher than the one presented in this work.
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Highlights

¢ New and scalable synthesis and sintering route for tetrahedrite based thermoelectric materials.
¢ Whole process lasted less than 6 h.

e Zn and Ni addition influence on tetrahedrite stability and thermoelectric properties.
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