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ABSTRACT

In this work, Cu based sulfides (chalcopyrite CuFeS, mohite Cu,SnS;_tetrahedrite
Cu;2SbsS;3, mawsonite CugFe,SnSg and kesterite Cu,ZnSnS,4) were synthesized by industrial
milling in an excentric vibration mill to demonstrate scalability of their synthesis. For
comparison, laboratory scale milling in a planetary mill was performed. The properties of the
obtained samples were characterized by X-ray diffraction, and in some cases, also by
Mossbauer spectroscopy. For densification of powders the method of Spark Plasma Sintering
was applied to prepare suitable samples for thermoelectric (TE) characterization which
created the core of this paper. Comparison of the figure-of-merit ZT, representative of the
efficiency of thermoelectric performance, show that the scaling process of mechanochemical
synthesis leads to the similar values than using laboratory methods. This makes the cost
effective production of Cu-based sulfides as prospective energy materials for converting heat
to electricity feasible. Several new concepts have been developed involving combinations of
natural and synthetic species (tetrahedrite) and nanocomposite formation
(tetrahedrite/digenite, mawsonite/stannite) offer sustainable approaches in solid state
chemistry. Mechanochemical synthesis is selected as a simple, one-pot and facile solid-state

synthesis of thermoelectric materials with the capability to reduce, or even eliminate solvents,
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toxic gases, high temperatures with controllable enhanced yields. The synthesis is
environmentally friendly and essentially waste-free. The obtained results illustrate the

possibility of large-scale deployment of energy-related materials.

KEYWORDS: energy materials, thermoelectrics, multinary copper sulfides,

mechanochemistry, scalable solid state synthesis

INTRODUCTION

Statistical results show that more than 60% of energy is lost in vain, most of it in the form
of waste heat'. Over 80% of waste heat generated in industrial processes is in the temperature
range of 100-300 °C, suggesting that considerable opportunities exist for the development of
efficient thermoelectric materials that operate at this regime”. Thermoelectric devices offer a
viable way to generate electricity from a temperature gradient without hazardous side
products. They are silent, reliable, scalable, predictable and durable. However, their
applications remain limited because the best-known materials for thermoelectric devices are
based on scarce, toxic and costly compounds with limited chemical stability at operating
conditions. For example, the abundance of telurium is only 0.001 ppm, which is significantly
lower than silver and even lower than gold and platinum. Moreover, its toxicity is high®.

Several new compounds have emerged recently with high thermoelectric performance.
Among them, metal chalcogenides have attracted considerable attention as potential telurium-
free alternatives™ *. Especially copper chalcogenides appeared as potential candidates due to
their advantages: earth abundant, low cost, and less toxic character of constituting

components and high thermoelectric performance’ >,



As for the application of thermoelectric materials, the Seebeck coefficient (S), electrical
conductivity (o) and thermal conductivity (k) are measured at different temperatures (T) to
calculate the values of dimensionless figure-of-merit ZT:

ZT = S’o/x (1)

(x) is a sum of lattice thermal conductivity k; and electronic thermal conductivity (k). Its
ZT value determines the efficiency of thermoelectric materials. To ensure a high voltage
output large S is needed, while a high o is needed to limit losses by Joule effect. To maintain
a temperature gradient low « value is required’. Additionally, thermoelectric devices are of
interest because of their silent operation, reliability, scalability, predictability and durability.
They are used in cases when cost and energy efficiency are not so important as energy
availability'®. However, their broader application is needed in future energy materials aimed
to harvest waste heat and reduce of fossile fuels consumption''.

In 1990s the nanostructure approaches were introduced and applied to thermoelectrics to
enhance their ZT values'” '*'®, Moreover, when non-equilibrium procedures such as high-
energy milling and/or mechanochemical synthesis (HEM/MS), melt spinning and self-
sustaining heating synthesis was applied, delicate multiscale structures was obtained'®. In the
case of the application of HEM/MS* '*® combined with spark plasma sintering®’ the created
nanostructures also contribute to scatter phonons and thus to suppress lattice thermal
conductivity k.. Since the invention of HEM, large quantities of nanoparticles can be
prepared'®.

In this work we thus describe the properties and thermoelectric performances of several
copper-based multinary sulfides. This include chalcopyrite CuFeS, mohite Cu,SnS;,
tetrahedrite Cu;,SbsS|3, mawsonite CugFe,SnSg and kesterite Cu,ZnSnS, synthesized from
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elements in an industrial mill”. After synthesis the produced powders were densified using

spark plasma sintering (SPS) and eventually, hot pressing (HP) techniques—see SI. The



properties of the products were studied by several characterization techniques and their

thermoelectric performances were evaluated.

MATERIALS AND METHODS

For mechanochemical synthesis of chalcopyrite CuFeS, mohite Cu,SnS;, tetrahedrite
Cu;2SbsS;3, mawsonite CugFe,SnSg and kesterite Cu,ZnSnS,, the following precursors were
used: copper (Merck, 99% purity), antimony (Alpha Aesar, 99.5% purity), tin (Nihon Seiko,
99% purity), iron (Winlab, 99% purity), zinc (Aldrich, 99% purity), and sulfur (CG-
Chemikalien, 99% purity). The elemental precursors for appropriate sulfides were mixed in
stoichiometric amounts. In some cases natural minerals of chalcopyrite CuFeS; (deposit
Zhezkazgan, Kazachstan® with the main admixture silicon oxide SiO, (JCPDS 01-077-1060))
and tetrahedrite Cu;,Sb4S;3 (deposit Roznava, Slovakia) with the main admixtures siderite
FeCO3 (JCPDS 01-083-1764) and silicon oxide SiO, (JCPDS 01-077-1060)) were used.

The syntheses were carried out in an industrial eccentric vibratory ball mill ESM 656-0.5ks
(Siebtechnik, Germany) working under the following conditions: 5L steel satellite milling
chamber attached to the main corpus of the mill, tungsten carbide balls with a diameter of 35
mm and total mass of 30 kg, 80% ball filling in milling chamber, amplitude of inhomogenous
vibrations 20 mm, rotational speed of the eccenter 960 min™, argon atmosphere. The total
feed of reaction precursors was 100 g per batch. The milling was performed for different
times which are mentioned in the appropriate sections.

For comparison, the syntheses were also carried out in a laboratory scale planetary mill
Pulverisette 6 (Fritsch, Germany) working under the following conditions: 250 mL tungsten
carbide milling chamber, tungsten carbide balls with a diameter of 10 mm and total mass of

360 g, 80% ball filling in a milling chamber, revolutions of the milling chamber 550 rpm,



argon atmosphere. The total feed of reaction precursors was 5 g per batch. The milling was
performed for different times which are mentioned in the appropriate section.

After completion of the milling programs, the resulting pulverized powders were shaped
and densified using SPS apparatus (FCTHPD25, Germany), eventually hot pressing.
Technical details are given in SI (Table S1). The final thickness of the pellets was around 3
mm with a geometrical density in excess of 95% of the crystallographic value.

The qualitative identification of the phase compositions was performed by XRD method.
For the systems under study, several diffractometers were applied with the working conditions
summarized in SI.

>’Fe Mossbauer spectroscopy was employed to clarify the magnetic ordering in chalcopyrite
and to identify possible admixtures of other Fe-bearing compounds. To measure the °'Fe
Mossbauer spectra, the powder samples were pressed into tablets with tableting wax. The
spectra were collected at room temperature and in a helium bath cryostat by Janis Research
Company, Inc. (Woburn, MA, USA) at 4.2 K in the transmission mode using a ’Co/Rh
source. The calibration of velocities and isomer shift was performed with respect to an a-Fe
foil at room temperature.

The electrical resistivity (p) and Seebeck coefficient (S) were measured simultaneously
from ingots, from 300K up to 700 K under partial pressure of helium or pure N, flow using an
ZEM-3 (Ulvac-Riko, Japan) and home made system. Also a commercial instrument LSR-
3/110 (Linseis, Germany) working in the He atmosphere was used. The absolute precision and
mutual veracity of above-mentioned thermoelectric measurements was verified in*’. This
enabled to confirm both the relevance of the measured data and their veracity using various
apparatuses. LFA 457 apparatus (Netzsch, Germany) was used for measuring the thermal
diffusivity under argon flow. The thermal conductivity (k) was determined as the product of

the geometrical density, the thermal diffusivity, and the theoretical heat capacity using the



Dulong-Petit approximation. The Wiedemann-Franz law, using a Lorenz number estimated
from the relationship L=1.5 + exp(-S|/116)’' was used to calculate the lattice thermal
conductivity by subtracting the electronic contribution to the total thermal conductivity (kp=K-
Ke). The estimated measurement uncertainities are around 6 % for the Seebeck coefficient, 8
% for the electrical resistivity, 11 % for the thermal conductivity, and 20 % for the figure-of-

merit.

RESULTS AND DISCUSSION

Chalcopyrite CuFeS,

Chalcopyrite CuFeS,, composed of earth-abundant, non-toxic and inexpensive elements, is
a mineral with tetrahedral-type structure. The structure can be considered as a double
sphalerite cell in which two Zn atoms are replaced orderly by one Cu ion and one Fe ion. This
ordered arrangement in the lattice is in tetrahedral coordination with sulfur. The lattice
constants of this tetragonal cell are a=5.2914 A, c=10.422 A, with the c-axis nearly doubled*.
However, the sulphur atoms displaces from the center of the bonded tetrahedron, because the
Fe-S bond is stronger and more anisotropic than the Cu-S bond™. CuFeS; is known to be an
antiferromagnetic semiconductor at ambient pressure. The charge carriers are p- or n-type
depending on the samples, at high temperature the n-type conductivity dominates™”.

In this respect the chalcopyrite has been reported as an interesting n-type thermoelectric
material with a reported value of ZT=0.2°. As n-type doping procedure several approaches
can be used; among all we note (i) the Fe overstoichiometry in Cu;_<Fe,:S, or the Cu'”
substitution by Tm?>" species (Zn, Pd, ...) in Cu xTm 4FeS; leading to generation of
conducting electrons due to compensation of excess positive charge on Cu sites and (i1) sulfur
deficiency CuFeS,., where S deficiency, linked with sulfur vaporization during

synthesis/compaction process suppres lattice thermal conductivity and act as donor doping.



We underline that in case of chalcopyrite, which is semiconducting in nature, the optimized
doping must be used to improve thermoelectric performance with higher ZT values®®™*'.

The idea of this paper is, however, to document the viability of the industrial milling
process followed by the hot press treatment of mechanochemically synthesized non-doped
CuFeS; in comparison with powders synthesized in a laboratory mill. The methods of XRD
and Mdssbauer spectroscopy were applied for bulk characterization.

As determined by XRD, the most prominent impurity in our mechanochemically
synthesized CuFeS; is pyrite FeS; (~2.4 %) for in laboratory-milled samples and bornite
CusFeS, (0.6-0.8 %) for both types of mechanochemical synthesis. The occurrence of these
two marginal intermediate products is supported by their identification in the high
temperature solid state synthesis*. Small amounts of tungsten carbide WC (1.8 %) from wear
coming from milling balls was evidenced for the sample milled industrially for a much longer

time (720 min) in comparison with 60 min for laboratory mill (Figure 1). The crystallite size

of the powders is about 10 nm.
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Figure 1. XRD spectra of chalcopyrite CuFeS,, milling time: A-60 min (laboratory mill), B-

720 min (industrial mill).

As we were interested in the impact of the mechanochemical synthesis on different scales

on morphology and crystallinity of the synthesised powder material, we chose the Mdssbauer
8



spectroscopy using °'Fe nuclei as local probes for structural changes in chalcopyrite and for
poorly crystalline admixtures. Since chalcopyrite is a strong antiferromagnet, its spectrum is
characterised by Zeeman-split sextets (Figure 2), whose hyperfine parameters of these sextets
correspond to tetrahedrally coordinated Fe** ions in the high spin state®. The broadening of
the lines at low temperatures is caused by defects™ introduced into the structure during the
mechanochemical synthesis and can be accounted for by fitting by more components with
different numbers of defects among the nearest neighbors of the Fe site*. Interestingly, the
sample prepared in the laboratory mill has less defects than the one synthesized in the
industrial mill, although the low-temperature spectrum of the latter indicates that a certain
amount of the particles contains a highly crystalline core with bulk-like properties. The room-
temperature spectra are further broadened by superparamagnetic relaxation of the
nanoparticles with slightly slower Néel relaxation times than the time window of the method
(107 s). In both samples, admixtures of pyrite (FeS,) and iron oxyhydroxides (FeOOH) were
found, however, the conditions in the laboratory mill produced the chalcopyrite phase of
higher purity. The highly amorphous FeOOH, likely originating from water and oxygen
adsorbed in the equipment, was not detected in XRD (Figure 1) and most probably forms a
surface layer of the nanoparticles. To further elucidate the influence of the high-temperature
treatment (e.g. hot pressing) on the morphology and composition of the samples Mdssbauer
spectroscopy will be performed for both hot-pressed samples as well. We suppose that the
high-temperature treatment wil reduce the amount of the impurity phases together along with

reduction of strain.
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Figure 2. Mdssbauer spectra of chalcopyrite CuFeS, measured at 4.2 K and 296 K, milling

time: A, C-60 min (laboratory mill), B, D-720 min (industrial mill).

The temperature dependances of the electrical transport properties are shown in Figure 3a.
Most importantly, both samples exhibit similar electric transport properties. The electrical
resistivity perfectly reflects the semiconducting low-doped nature of synthesized CuFeS,. The
sign of Seebeck coefficient is changing from positive hole-like character at room temperature
to negative electron-like behavior at higher temperatures (Figure 3b). The low concentration
of point defects (acceptors and donors), in accordance with the variation of Seebeck
coefficient, corresponds to an acceptor level accounting for p-type conductivity at low
temperatures while a donor effect accounts for n-type conductivity at higher temperatures.
This phenomenon is the same for both types of milling. The identical behaviour of both
samples is documented also in the temperature dependence of their thermal conductivities,
Figure 3c. Due to a very high electrical resistivity, the electronic contribution to the thermal
conductivity is negligible. The observed substantially lower thermal conductivity compared
with a pristine sample prepared by solid state reaction is due to nanostructuring of the sample.
Similarly due to nanostructuration the low temperature “dielectric” peak, typical for “pure”

crystallized insulators, is completely “depressed” as well as the high temperature values.
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Here, due to substantially lower phonon mean free path of heat carrying phonons, the
decrease of the thermal conductivity is likely due to increased scattering similar to “point
defect” likely associated with the mechanochemical synthesis. The dependence of the figure-
of-merit ZT on temperature is shown in Figure 3d. The ZT values for undoped CuFeS, are
very low and of little significance for application. However, the key purpose of this study, is
to demonstrate upgrading the milling process to an industrial scale, is clearly demonstrated. In
this case, at 600 K the ZT value for an industrial milling is almost 2.5-times higher than in the
case of a laboratory milling. Respecting the above-mentioned correlation between the doping
and ZT optimization we refer to recent approach, where thermoelectric performance was
enhanced by using non-doped CuFeS, nanocomposite created by co-milling of synthetic and

natural species. An enhancement of the ZT values from 0.004 to 0.14 was obtained™’.
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Figure 3. Thermoelectric performance of chalcopyrite CuFeS, as a function of temperature:
a) electrical resistivity, b) Seebeck coefficient, c) thermal conductivity, d) figure-of-merit ZT.

Milling time: laboratory mill-60 min, industrial mill-720 min.
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Mohite Cu,SnS3

Cu,SnS; belongs among ternary chalcogenides and is the most important representative of
copper-tin-sulfur (CTS) family with mineralogical name mohite*’. Already 4 polymorphs
have been reported until now- tetragonal, monoclinic, cubic and trigonal**. Its main
application field is photovoltaic®®, however, it has been also found as an interesting

1>'*. The TE performance can be enhanced by doping with Mn™, Fe™,

thermoelectric materia
Zn’’, Co®® and Ni*’. There are many synthetic pathways to this compound, which can be
divided into physical and chemical and have been nicely reviewed by Lokhande et al.**¢".
Mechanochemical synthesis representing a one-step environmentally friendly approach has
also been used for the preparation of Cu,SnS;>* **®*. Our research group has successfully
prepared this compound from elements on a laboratory scale®, and also from binary sulfides
on a larger scale®®. However, its application potential has not been revealed in our studies so
far.

In the present study, we prepared CTS nanocrystals using mechanochemical synthesis
in an eccentric vibratory mill. The XRD patterns of the elemental mixture of Cu, Sn and S
taken after different time of milling are presented in Figure 4a. The XRD pattern of the
powder mixture milled for 60 min already shows a significant amount of Cu,SnS; product
(either cubic or tetragonal polymorph). It is not possible to certainly determine the formed
polymorph from the XRD patterns of the as-milled product with very broad peaks, as the
main peaks of these phases are very close’’. However, Lohani et al. who also used ball milling
to prepare Cu,SnS; nanocrystals (also starting from binary sulfides) reported the polymorph
to be cubic>®. In addition to the main phase, the non-reacted Sn and CuS could still be
observed in the XRD pattern of the powders treated for 60 and 180 minutes. During the next

60 minutes, there was only a slight improvement of the progress of the reaction observed. The

synthesis using the scaled-up process was much less rapid in comparison with planetary ball

12



milling using elemental precursors, which was reported to be finished in 15 minutes®>. When
using compounds, the process took longer, namely 60 and 240 min for planetary and eccentric
vibratory milling, respectively®®. The laboratory-scale planetary and scaled-up eccentric
vibratory ball milling have been used also for other systems, e.g. kesterite®” *® and CuS

69:7% and were directly compared in polyvinylchloride dechlorination using

synthesis
eggshell’', always that showing much longer time is necessary when performing the eccentric

vibratory milling.

Based on this analysis, the sample milled for 180 min was selected as an optimum one.
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Figure 4. (a) XRD patterns of the Cu-Sn-S mixture milled for 60, 180 and 240 min in an
eccentric vibratory mill and (b) the result of the Rietveld refinement of the XRD patterns of
the reaction mixture milled for 180 min after spark plasma sintering (inset shows the zoomed
2 theta region between 15 and 40°). Rietveld factors are given in SI/Table S2. An asterisk

described the probable presence of very small amounts of monoclinic phase.

In order to test the material for its potential applications in thermoelectrics, the as-received
powder was subjected to spark plasma sintering at 550 °C. The XRD pattern of the sintered

sample was subjected to Rietveld refinement and the result is shown in Figure 4b. We have
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tried fitting the obtained XRD data in the tetragonal space group /-42m assigned to Cu,SnS;>*
6. in monoclinic space group C1*”-* and also in cubic F-43m in®. The best fit has been
obtained for the cubic phase, however, even better results were recorded when both cubic and
monoclinic phase were considered, although the content of the latter was negligible. The
lattice parameter a for the cubic phase was found to be 5.4314 + 0.0002 A, which is very close
to the value 5.44 reported in®*”*. The apparent crystallite size for the cubic Cu,SnS; was
found to be 288+55 nm and the observed strain was 0.2000+0.0229.

The 2 theta values at which the three main peaks were observed are 28.42°, 47.28° and
56.10°, allow which suggest the assignment of cubic F-43m space group rather than /-42m
(by comparing the 2 theta values for both phases with those reported in*’). The Cu,SnSs in the
same space group was reported by Lohani et al.>*. In our case, also a very small amount of
monoclinic phase is most probably present. The potential phase transformation from
cubic/tetragonal to monoclinic structure should be supported by the presence of the peaks at
lower 20 values™*. In Figure 4b, there is a very small diffraction peak at 16.1° marked with an
asterisk, which could point to possible presence of the monoclinic phase. As the temperature

4974 Lohani et

of SPS was 550 °C, the cubic structure should be maintained to the large extent
al. already observed 27% of the monoclinic phase after the treatment at this temperature.
The purity of the prepared material is quite high, with a very small amount of impurities
denoted by the peaks located at 26.6° and 33.9°. The impurity has been identified as CusSnSy
phase, similarly to a previous study®®. The thermoelectric properties of the sintered sample are

displayed in Figure 5. The specific heat capacity was reported to be 0.44 J/gK>®, so this value

has been used for further calculations.
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Figure 5. Thermoelectric performances of mohite Cu,SnS; as a function of temperature,
milling time-180 min (industrial mill): a)-electrical resistivity and Seebeck coefficient, b)-

thermal conductivity and figure-of-merit ZT.

The thermoelectric properties of the planetary ball milled Cu,SnS; have been recently
reported in**, showing the maximum ZT at 700 K to be around 0.3. We have obtained
comparable result (ZT=0.26) using the scaled-up approach in this study, which further
confirms that the disordered cubic F-43m structure has been obtained, although a small
amount of monoclinic phase could slightly decrease the obtained ZT value. If the ordered
monoclinic structure usually obtained at higher temperatulres74 was present, the TE properties
should be significantly reduced, as nicely shown in’*. In the literature, the ZT values at 700 K
for undoped Cu,SnS; nanocrystals are usually around 0.2 (this can be significantly enhanced

by doping as shown in’>™

). Thus the positive input of milling action both in terms of
nanostructuring and defects formation is undeniable in our case. The combination of doping

and mechanochemical synthesis might be an effective combination for further improvement

of Cu,SnS; thermoelectrics properties in the future.

Tetrahedrite Cu;2SbsSi3
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Tetrahedrite as an Earth-abundant copper sulphide mineral with very low thermal
conductivity” still represents continuous interest in the thermoelectric comunity® * '"-767%,
Moreover, its potential for application as energy material is currently expanding to be used
also in photovoltaic devices” **. To enhance its thermoelectric performance, doping of
mechanochemically synthesized Cu;,SbsS;3 is a promissing possibility as can be seen from
papers published recently, see e.g.%' ™.

In this paper we present two innovative approaches for tetrahedrite:

1. Mechanochemical synthesis: activation energy from electrical conductivity as a
function of milling time

We studied the temperature-dependent behavior of the electrical conductivity of synthetic
tetrahedrite Cu;,SbsS3 prepared by milling in an industrial mill for several different milling
times. A detailed investigation of its properties is summarized in our recent paper’ . By fitting
the linear part of the relation In(c)=f(1/T), we determined the activation energies (E,), which
corresponds to three regimes of charge transport in milled samples (Figure 6a). At low
temperatures (300-425 K) the activation energy changed in the range of E, = 26-37 meV, to
E.=9-13 meV at medium temperatures (425-575 K), and to E, =55-71 meV at high
temperatures (575-700 K) (Figure 6b). These values of activation energy are similar to the
results obtained for tetrahedrite systems reported earlier®®. The behavior of charge transport in
the low and medium regimes corresponds to semiconductor behavior, showing extrinsic
nature due to the highly disordered character of the crystal structure of the milled samples and
saturation modes. Moreover, we observed a behavior change at the higher temperatures,
showing a semiconductor to metal transition in the intrinsic mode. This transition might be
caused by conduction hopping effects in the energetic band gap of Cu1,Sh4S;3 because of the

excitation of minority charge carriers as observed in®’. It is worth mentioning that depending

on the milling time, the activation energies for three modes became almost saturated after 4
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hours of milling with a slight decrease after 12 hours. The increase of the activation energy of
carriers for three regimes can be attributed to the filling of the valence band which causes a

decrease of the carrier concentration and leads to the decrease of the electrical conductivity®
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Figure 6. (a) Arrhenius dependence and (b) activation energy (E,) as a function of the milling
time for low (m), medium (®), and high ( A ) temperature regimes, milling time 1-12 hours

(industrial mill).

2. Mechanochemical reduction: influence of composite formation during milling on
thermoelectric performance

Similarly to the ternary copper sulfide tetrahedrite Cu;2SbsS;3, binary copper sulfide
digenite Cu; gS (or CuySs), shows high values of figure of merit’. Digenite is a part of a large
CuyS family with end members chalcocite Cu,S and covellite CuS. Within this family
digenite has the highest power factor’’. Digenite exhibits liquid-like behavior where Cu ion
migration is the key to its high ZT values®. In copper metallurgy antimony-free digenite
Cu, sS is the desired product of Cu;,SbsS 3 decomposition because the presence of Sb
worsens the properties of the final copper product. We developed a mechanochemical process
for Sb removal from tetrahedrite by alkaline leaching (MELT) to produce digenite’'. The

simplified scheme behind the process can be described by hypothetical equation
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3 Cuy3SbyS13(s) + 6 Na,S(1) - 4 CugSs(s) + 12 NaSbS, (1) 2)

where (s)-solid phase, and (1)-liquid phase. The liquid phase can be separated and solid
phase forms the Cu;,SbsS;3/CugSs thermoelectric nanocomposite. By controlling the
conversion degree of reaction (2), various ratio of both sulfides in nanocomposite can be
obtained.

Based on this idea and considering our previous paper’’ where we demonstrated the
possibility to synthesize non-doped tetrahedrite Cu;,SbsS;3 using an industrial mill we probed
the robustness of this approach using combination both mechanochemically synthetized
tetrahedrite and mechanically activated natural tetrahedrite. The combination of natural and

92-94 .
. In their researches

synthetic tetrahedrites resembles the original works of Morelli’s group
they applied the mechanochemical synthesis combining two tetrahedrites. However, the
natural mineral with prevailing As over Sb was closer to the composition of tennantite
Cuj2As4S,3 than tetrahedrite. In our case the mechanochemical reduction according to
reaction (2) creates nanocomposite of two different sulfides. After the original mineral

tetrahedrite another efficient thermoelectric material formed is digenite. The samples under

study are characterized in Table 1.

Table 1 Description of samples applied for thermoelectric performance

Sample Milling Specification

TELU 0 Natural tetrahedrite (mine Maria,
Roznava, Slovakia)

TELU 1 Laboratory mill Milling of sample TELU 0

(dry mode)

TELU 2 Laboratory mill Milling of sample TELU 0

(wet mode)

TELU 3 Industrial mill Synthesis from elements for 2
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(dry mode) hours, see’’

TELU 4 Industrial mill Co-milling of samples TELU 0

and TELU 3
(wet mode)

The milling and leaching conditions of the samples listed in Table 1 are summarized in
SI/2. Most importantly, the simulteneous milling and alkaline leaching should lead to
modification of the thermoelectric parameters. In this respect we note that the use of natural
tetrahedrite, with basically insulating character and relatively large power factor, represents a
highly sensitive system that can unmask the role of electrically conducting extraneous phases
via modification the thermoelectric response more clearly than highly electrically conducting
matrix of ideal Cu;,SbsS;3. Our results are shown on Figure 7. In any case we underline that
our study does not represent the final optimization approach enabling industrial transfer of
natural tetrahedrite to an optimized p-type electronic material, nonetheless it shows the way
how, the tetrahedrite mineral can be converted to a useful thermoelectrics using a low cost,

effective and throughput route.
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Figure 7. Thermoelectric performance as a function of temperature: a) electrical resistivity, b)

Seebeck coefficient, ¢) thermal conductivity, d) figure-of-merit ZT.

Thermoelectric data acquired on natural tetrahedrite (TELU 0) revealed that the dry milling
of natural tetrahedrite (all grains are under 200 microns) leads to a material with higher
electrical resistivity and lower thermal conductivity compared to the mineral (Figures 7a and
7¢). This can be attributed to increased interfacial scattering due to the grain size reduction
(both defects and grain boundaries). The similar thermoelectric response, i.e. positive and
weakly temperature dependent Seebeck coefficient of ~200 uV K™ (Figure 7b), corroborates
the semiconducting groundstate of the material.

Contrary to dry milling, the wet milling with application of leaching agent leads to a
decrease of both electrical resistivity and Seebeck coefficient (Figures 7a and 7b) while the
thermal conductivity retained the value of dry-milled sample (Figure 7c). The essentially

modified electrical properties of the wet-milled sample are consistent with: (i) either modified
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doping of original pristine phases or (ii) the introduction of an electrically conducting phase
converting the resulting material into a composite where the electrical and thermoelectrical
properties depend on the percolation behavior of the additional phase. In order to discern
between these two possibilities we have intentionally performed long - term high temperature
thermoelectric measurements that, in principle, unmask the role of percolation via electrically
conducting precipitates as the short-time SPS sintering of the wet milled powder does not
likely leads to a marked development of the conducting phase percolation network. Indeed,
long-term high temperature measurements (5 days cycling between 300-700 K) led to a
further decrease of the electrical resistivity (1.5 order of magnitude) and large decrease of the
Seebeck coefficient at 300 K down to ~40 uV K. Such low absolute values have never been
observed even in highly doped tetrahedrites (Smin~ 65 pV K™ at 300 K) and therefore can only
be explained by the presence of a “guest” phase in the “host” semiconducting tetrahedrite
matrix, which rules out the possibility of milling-induced doping of natural tetrahedrite. Most
importantly, based on the characteristic thermoelectric power of digenite Cu; gS of ~30 uV K

'at 300 K and its large electrical conductivity’> *°

, we identify the minor phase in accord with
equation (2) as a low amount of digenite Cu, gS phase. The highly conducting Cu, S
precipitates then create the percolation pathway in the semiconducting tetrahedrite matrix,
which itself has high-temperature-dependent electrical resistance. The XRD analysis of the
probed samples after SPS sintering showed that this treatment leads to the crystallite size
between 60-100 nm. A careful XRD phase analysis of the TELU 2 sample confirmed the
presence of a small concentration (~ 1-2%) of digenite in the as-prepared sample, whereas the
Cu, S characteristic peaks were significantly more pronounced on the surface of the long-
term high temperature annealed sample where the higher impact of the Cu, gS phase was

evidenced by thermoelectric measurements. In this respect we conclude that the simultaneous

milling and alkaline leaching of non-doped semiconducting natural tetrahedrite is a viable
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approach to modify the electronic properties via incorporation of highly conducting Cu; gS
species.

The samples labeled as TELU 3 and TELU 4 differ also by the procedure of ball milling,
see Table 1. While TELU 3 was processed similarly as in our published paper’’, TELU 4 was
processed by additional alkaline leaching in order to transform tetrahedrite to digenite, at least
partly (see XRD pattern in SI/Figure S1). The comparative thermoelectric data, presented in
Figures 7a-c, confirm that, contrary to the case of natural tetrahedrite with high electrical
resistivity where small precipitate concentration can essentially influence the properties, the
combination of industrially synthesized powder (TELU 3) and its subsequent chemical
leaching in a planetary mill (TELU 4) does not lead to substantial modification of the robust
thermoelectric properties. The polydisperse composites TELU 3 and TELU 4 posses
properties defined by the dominating phase — tetrahedrite —shows similar thermal and
transport properties: power factor between ~0.3 mW m™ K (300 K) and ~0.65 mW m™' K™
(500K) and weakly temperature dependent thermal conductivity between 1.1-1.4 W m™ K™ at
300-800 K which results in ZT as already published, see Figure7d. We thus conclude that the
industrial milling process, enabling the synthesis of Cu;,SbsS|3 based thermoelectrics,
represents a robust technological route, highly durable and resilient towards undesirable
chemical errors, while the intentional chemical leaching can be used to tune the

thermoelectric response of insulating natural tetrahedrite.

Mawsonite CugFe,SnSg

The mineral mawsonite CusFe,SnSg (MAW) belongs to sulfosalts of copper that occur in
nature within hydrothermal copper deposits in altered volcanic rocks. It is frequently
associated with other binary, ternary and quaternary sulfides. Recently, thirteen Cu-S based

compounds as potential termoelectric materials were identified among which MAW was
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mechanochemically synthesized for the first time in a laboratory mill’’. The milling was
performed for 96 hours and thermoelectric performance was evaluated. A figure-of-merit
value ZT = 0.43 at 623 K was calculated. Thus the mineralogical curiosity named after
Antarctic explorer Douglas Mawson started to interest the thermoelectric community in its
effort to mimic natural minerals. Recently, the thermoelectric properties of MAW were
thoroughly studied”®. The authors in their theoretical work revealed that the low thermal
conductivity of MAW is a consequence of low frequency vibration modes of Cu-ions. Good
electronic transport properties and low thermal conductivity give promising thermoelectric
performance characterized by a maximum ZT value of 0.5 at 750 K. However, up-scaling of
MAW synthesis was documented only in our recent paper’” . The mechanochemical solid state
synthesis was performed for milling times of 5-240 min. The XRD analysis revealed that the
transformation to final product proceeds via several intermediate steps where binary (CuS,
SnS) and ternary (Cu,SnS3) sulfides were identified, and finally practically only MAW is

present at milling for 240 min (Figure 8).
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Figure 8. XRD patterns of reaction mixture after milling in an industrial mill (milling times
are given on corresponding patterns). Reprinted by permission from Copyright Clearance
Center: Springer Nature, J. Electron. Mater., Mechanochemistry for Thermoelectrics:
Nanobulk Cug¢Fe,SnSs/Cu,FeSnS, Composite Synthesized in an Industrial Mill, Balaz,
P.; Hegedus, M.; Reece, M.; Zhang, R.; Su, T.; gkorvz’mek, I.; Briancin, J.; Balaz, M.;

Mihalik, M.; TeSinsky, M.; Achimovicova, M., 2019.

Because of strong amorphization the identification of other phases is complicated. After
densification by SPS the compacted sample milled for 240 min was re-measured by XRD and
the pattern was processed by Rietveld refinement (Figure 9). Chalcopyrite CuFeS, and bornite
CusFeS, present as major impurities, were included into refinement calculations. However,
the results with conventional Rietveld factor R,,, only over 22% were obtained. This led us to
incorporate an other phase with structure closer to MAW for the calculations. After
introduction of stannite Cu,FeSnS,, better results were obtained with Ry, = 12-13%. In
conlusion to this analysis it is evident that MAW phase can be obtained by industrial milling
only up to some content with the presence of secondary phase stannite. Despite phase
impurity the obtained product is characterized by the good thermoelectric performance

described below.
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Figure 9. Rietveld analysis for the sample milled for 240 min in an industrial mill after SPS
treatment. Rietveld factors are given in SI. Reprinted by permission from Copyright
Clearance Center: Springer Nature, J. Electron. Mater., Mechanochemistry for
Thermoelectrics: Nanobulk CugFe;SnSg/Cu,FeSnSs Composite Synthesized in an
Industrial Mill, Balaz, P.; Hegedus, M.; Reece, M.; Zhang, R.; Su, T.; Skorvz’mek, L;

Briancin, J.; Balaz, M.; Mihalik, M.; TeSinsky, M.; Achimovi¢ova, M., 2019.

A summary of the thermoelectric measurements is shown in Figure 10. The relatively high
value ZT of 0.51 at 623 K for industrially milled sample (Fig. 10f) results in a low lattice
thermal conductivity 0.29 W mK™" (Figure 10d) and moderate power factor 3.3 pW cm K™
(Figure 10c). Especially the values of k. are encouraging because they are comparable with
values for the top Cu-based sulfides such as colusite (0.3 W mK™" at 663 K'* ' and
tetrahedrite (0.2 W mK ™" at 673 K)**.The electrical conductivity (Figure 10a) shows typical
semiconducting behaviour. In previous work®’ this behaviour is discussed for laboratory
milled sample as a consequence of Sn deficiency. It seems that this deficiency is greater in the
industrially milled sample. In conclusion, the industrially synthesized mawsonite/stannite

composite represents a perspective scalable energy material for future applications.
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Figure 10. Thermoelectric performance for the samples milled 4 hours in an industrial mill

and 96 hours in a laboratory mill (both after SPS treatment).

Kesterite Cu,ZnSnS4

Kesterite Cu,ZnSnS, (CZTS) is recognized as a prominent material for photovoltaic
applications. CZTS semiconductor has p-type conductivity, high absorption coefficients
(~10*-10° cm™) over the visible light wavelengths with an optical band gap (Eg~1.5eV). It
represents an environmentally friendly- and low-cost alternative to the currently used
absorbers in photovoltaic cells'®. Recently its potential application has been broadened to
include thermoelectrics owing to its intrinsically low thermal conductivity' " 1% 1%,

Several synthesis routes for the preparation of CZTS have been evaluated. Among them, the
mechanochemical synthesis starting from Cu, Zn, Sn and S elemental precursors demonstrates

67,6

a scalable approach towards the pure CZTS nanocrystals®” ® 1% The influence of changing
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Cu:Zn ratio in Cu,ZnSnS, leads to Cu/Zn disorder with consequences on its physical
properties' . From a thermoelectric point this effect was analysed by''. Also, completely
replacing Zn with Cu in Cu,ZnSnS, will form Cu3SnS,4, which has a disordered tetragonal
structure with very low electrical resitivity''°. It seems that non-stoichiometric compositions
of Cuyp:x Zn;4SnS4 is key to achieving an improvement of thermoelectric performance'®*'%.
Guided by the previously published work on kesterites, we selected several samples of
industrially synthesized kesterites of which the photovoltaic properties have been reported® to

perform thermoelectric measurements. With increasing milling time the samples became more

amorphized and there was a gradual diminishing of the Zn peaks (Figure 11).
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Figure 11. XRD pattern of reaction mixture after milling in an industrial mill (milling times
are given on corresponding patterns). Reprinted by permission from Copyright Clearance

Center: John Wiley&Sons, Ltd., Photovolt. Res. Appl. Prog., Photovoltaic materials:

27



Cu,ZnSnS,4 (CZTS) nanocrystals synthesized via industrially scalable, green, one- step
mechanochemical process, Balaz, P.; Hegedus, M.; Balaz, M.; Daneu, N.; Siffalovi¢, P.;
Bujinakova, Z.; Téthova, E.; TeSinsky, M.; Achimovi¢ova, M.; Brian¢in, J.; Dutkova, E.;

Kanuchova, M.; Fabian, M.; Kitazono, S.; Dobrozhan, O., 2019

After 360 minutes of milling, only the Bragg reflections assigned to the CZTS phase was
identified®®, thus the as-received powder milled for 360 min was subjected to spark plasma
sintering at 600 °C, in order to evaluate the materials thermoelectric related properties. The
thermoelectric performance of this sample as a function of temperature is shown in Figure 12.
It can be seen that the sample has relatively high resistivity and shows semiconducting
behavior, as its electrical resistivity decreases with increasing temperature. It has a positive
Seebeck coefficient indicating p-type conductivity. It is interesting to note that the Seebeck
coefficient increased more rapidly in the temperature range of 475 - 525 K, which could be
related to the order-disorder phase transition in kesterite. A similar temperature dependence of

Seebeck was reported by Isotta'*

. The thermal conductivity decreases with increasing
temperature, indicating phonon-phonon scattering as the main scattering effect and the sample
shows low thermal conductivity. The sample shows a relatively low ZT value due to the fact
that the electrical properties were not optimized. A similar ZT was reported in non-doped

CZTS prepared by laboratory-scale mill'®. The results indicate CZTS can be synthesized via

industrial milling.
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Figure 12. Thermoelectric performance of kesterite Cu,ZnSnS, as a function of temperature,
milling time - 360 min (industrial mill): a-electrical resistivity and Seebeck coefficient, b-

thermal conductivity and figure-of-merit ZT.

CONCLUSION

In this work, Cu based sulfides (chalcopyrite CuFeS, mohite Cu,SnS;_tetrahedrite
Cu;,2SbsS;3, mawsonite CugFe,SnSg and kesterite Cu,ZnSnS, were synthesized by industrial
milling in an excentric vibration mill. For comparison also laboratory scale milling in a
planetary mill was performed. The properties of the obtained samples were characterized by
X-ray diffraction and in special cases also by Mdssbauer spectroscopy. For densification
Spark Plasma Sintering or Hot Pressing was applied to prepare dense samples for
thermoelectric measurements which created the core of this work. Values of the figure-of-

merit ZT which is a measure of the efficiency of thermoelectric performance show that
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scaling-up the process of mechanochemical synthesis leads to the similar values than using
laboratory methods conditions (Table 2). This makes the production of Cu-based sulfides as a
prospective energy harvesting material for converting heat to electricity feasible. Several new
concepts have been developed, which especially a combination of natural and synthetic
species (tetrahedrite) and nanocomposite formation (tetrahedrite/digenite, mawsonite/stannite)
offer sustainable approaches in solid state chemistry. Mechanochemical synthesis and
reduction is selected as a simple, one-pot and facile solid-state synthesis route for sulfide
thermoelectric materials, with capability to reduce, or even eliminate solvents, toxic gases and
the need of high temperatures with controllable enhanced yields. The synthesis of a large-
scale nanostructured materials represents a major achievement in the field of nanotechnology.
The synthesis is environmentally friendly and essentially waste-free. The obtained results

illustrate the possibility of large-scale deployment of energy-related materials.

Table 2 Comparison of figure-of-merit ZT for sulfides under study.

Sulfide Figure-of-merit ZT

Industrial milling Laboratory milling
Chalcopyrite CuFeS, 0.016@600 K™ ™™™ 1 0.007@600 K™ ¥
Mohite Cu,SnS; 0.26@713 K 0.30@723 K**
Tetrahedrite Cu;5SbysS;3 | 0.67@700 K* 0.65@673 K”
Mawsonite CugFe,SnSs 0.51@623 K*® 0.43@623 K’
Kesterite Cu,ZnSnS, 0.023@673 KT v 0.04@673 K'”

*Not optimized with repect to charge carrier concentration
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and contains: experimental conditions of SPS treatment (Table S1), details about XRD
measurements, milling conditions for tetrahedrite treatment for subsequent leaching, XRD
pattern of tetrahedrite after leaching (Figure S1), and accuracy factors of the Rietveld

refinement (Table S2).
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One-step solid-state scalable mechanochemical approach applying elements as precursors for the
synthesis of multinary sulfides and their thermoelectric performance is reported herein.
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