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Abstract: The thermoelectric properties of skinnerite Cu3SbS; and wittichenite CuzBiSs
prepared by mechanochemical synthesis in a planetary ball mill from elemental precursors
were investigated for the first time. X-ray diffraction (XRD) analysis of skinnerite after
heat treatment revealed not only the presence of monoclinic skinnerite phase but also the
presence of tetrahedrite phases. XRD analysis of wittichenite after both heat treatment
and spark plasma sintering (SPS) revealed the presence of only the prepared orthorhombic
wittichenite, whereas, in the case of skinnerite, not only skinnerite but also tetrahedrite
is present after SPS treatment. The thermal stability of mechanochemically synthesized
Cu3SbS3 and Cu3BiS3 samples was investigated by thermal analysis, which confirmed that
Cu3SbS; is thermally stable up to 604 K and Cu3BiS; up to 550 K, respectively. Thermo-
electric (TE) potential was evaluated by measuring the Seebeck coefficient, electrical and
thermal conductivity, and figure of merit ZT. The performed thermoelectric (TE) measure-
ments revealed a figure of merit ZT of 0.69 and 0.09 at 575 K for pristine skinnerite and
wittichenite, respectively, sintered by SPS. The combination of mechanosynthesis followed
by SPS allows for the preparation of materials that display a promising thermoelectric
response. This approach opens up new possibilities for enhancing the thermoelectric prop-
erties of materials, which could have significant implications for various applications, such
as energy conversion and waste heat recovery. Further research in this area is necessary to
fully explore and exploit the potential of these materials for thermoelectric applications.

Keywords: mechanochemistry; skinnerite CuzSbSs; wittichenite CuzBiS3; nanocrystals;
thermal stability; thermoelectric properties

1. Introduction

Copper-based ternary chalcogenides are promising semiconductor materials that have
applications in the energy industry as photovoltaic materials, thermoelectric materials,
as electrodes in batteries, etc. In recent years, considerable attention has been paid to
copper-antimony sulfide (Cu-Sb-S) and copper-bismuth sulfide (Cu-Bi-S) ternary materials
as alternative absorbers in solar cells due to their low toxicity, low cost, and Earth-abundant
elements [1]. These ternary sulfides also have potential properties in thermoelectrics.

Skinnerite CuzSbS; semiconductor has a p-type conductivity, a direct optical bandgap
of 1.4 eV, and a high absorption coefficient with a value up to 10°> cm ™! [2]. Cu3SbS; has
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four similar, well-defined temperature-dependent polymorphs. Below 263 K, it has an
orthorhombic structure (space group P212121); in the range 263-395 K, it has a monoclinic
structure (space group P21/c); above 395 K, it has an orthorhombic structure (space group
Pnma) and a cubic thermodynamically unstable structure [3,4]. Cu3SbS3-based materials
are well-applicable in photovoltaics [5], as photocatalysts [6], as well as thermoelectric
materials [7].

The wittichenite Cu3BiS; semiconductor has a p-type conductivity, a suitable direct
bandgap between 1.4 and 1.5 eV, and a larger absorption coefficient (>10* cm~!). Cu3BiS;
has been suggested as a suitable absorber material for photovoltaics [8,9] and as a promising
material in bio-imaging applications [10-12]. Moreover, Cu3BiSz has shown potential
thermoelectric properties [13].

Cu3SbS; and CusBiS; semiconductors with different potential properties have been
prepared by various techniques, such as reactive sputtering [7], thermal evaporation [14,15],
solid-state synthesis [13,16], chemical bath deposition [6,17], co-electrodeposition [18],
solvothermal synthesis [19-21], hydrothermal synthesis [22,23], wet chemical synthesis [24],
hot injection [5,25], spray pyrolysis [26], microwave-assisted synthesis [27], colloidal syn-
thesis [28], spin coating [29], thermal sulfurization [30], etc. Both CusSbS; and Cu3BiSs
nanocrystalline semiconductors have already been prepared by mechanochemical synthesis
by our research group [31,32]. The different techniques used for the preparation of CusSbSs
and Cu3BiS; have some limitations (high temperatures, toxic solvents, or multi-step pro-
cessing), but mechanochemical synthesis is one of the promising methods that removes
these limitations.

The applied mechanochemical method is an unconventional method that is considered
a cost and time-efficient method for the production of various materials, including organic
and inorganic materials [33,34]. Mechanochemistry has recently been listed as one of the ten
innovations that will change our world [35] and is guided by the twelve principles of green
chemistry [36]. Using high-energy milling devices, it offers the possibility of preparing
nanocrystalline materials in a single step, without the use of solvents, toxic precursors, and
unwanted by-products, in an environmentally friendly manner without external heating or
pressure [37].

In previous studies, we have studied the kinetics of preparation of CuzSbS; and
Cu3BiS; nanocrystals by mechanochemical procedures, characterization of their structural,
microstructural, morphological, and surface properties, as well as their potential optical
and optoelectric properties in more detail. Therefore, in this study, we already deal with
their thermal stability and mainly with their potential thermoelectric properties.

2. Materials and Methods

Cu3SbSs nanocrystals were prepared from the elemental precursors, namely, 2.33 g
of copper (99.7%, Merck, Germany), 1.49 g of antimony (99.5%, Merck, Germany), and
1.18 g of sulphur (99%, Ites, Slovakia) in a Cu:Sb:S stoichiometric ratio 3:1:3 by high-energy
ball milling in a planetary ball mill (Pulverisette 6, Fritsch, Idar-Oberstein, Germany). The
milling was carried out using a tungsten carbide milling chamber (250 mL in volume)
filled with 50 tungsten carbide milling balls (10 mm in diameter) at 550 rpm, in an argon
atmosphere (>99.998%, Linde Gas group, Bratislava, Slovakia), for 30 min without break
cooling due to the very short milling times. The milling chamber was not filled with Ar
using a glow box; instead, Ar gas was purged for about 3 min into the chamber while air
was being pushed out of it via the other vent. The mass of the milled mixture was 5 g. A
ball-to-powder ratio of 72:1 was used.

Cu3BiS3 nanocrystals were also synthesized in a planetary ball mill Pulverisette 6
(Fritsch, Idar-Oberstein, Germany) from 1.92 g of copper (99.7%, Merck, Germany), 2.11 g
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of bismuth (99.5%, Aldrich, Germany), and 0.97 g of sulphur (99%, Ites, Slovakia) in a
Cu:Bi:S stoichiometric ratio 3:1:3. The following milling conditions were used: 50 tungsten
carbide milling balls with a diameter of 10 mm (360 g) in tungsten carbide milling chamber
(250 mL in volume), the mass of the milled mixture was 5 g, the ball-to-powder ratio was
72:1, the rotation speed of the planet carrier was 550 rpm, it ocured in an argon atmosphere,
and the milling time was 5 min. The milling chamber was not filled with Ar using a glow
box; instead, Ar gas was purged for about 3 min into the chamber while air was being
pushed out of it via the other vent.

XRD patterns were collected using a D8 Advance diffractometer (Bruker, Bremen,
Germany) with the CuK« radiation in the Bragg—Brentano configuration. The generator
was set up at 40 kV and 40 mA. The divergence and receiving slits were 0.3° and 0.1 mm,
respectively. The XRD patterns were recorded in the range of 10-60° 20 with a step of 0.03°.
For phase identification, DiffracP!s Eva and the ICDD PDF2 database were utilized [38].

The thermal behavior of samples was investigated by thermogravimetric/derivative
thermogravimetric/differential thermal analysis (TG/DTG/DTA) using Netzsch STA 449
F3 Jupiter (Netzsch, Germany). A homogenized sample (100 mg) was placed into an Al,O3
crucible, and the reference crucible was empty. The sample was subjected to linear heating
at 5 K/min under a dynamic argon atmosphere (Ar purity > 99.999 vol%) with a constant
flow (60 mL/min) in a temperature range from 299 K to 773 K.

Bulk samples for thermoelectric characterization were obtained by spark plasma
sintering (SPS); the powder was placed into a graphite die (inner diameter 10 mm) and
sintered into pellets about 5 mm thick at 723 K under 50 MPa with a heating rate of
323 K/min and holding time of 5 min in a spark plasma sintering (SPS) furnace model HP
D10-SD (FCT Systeme GmbH, Frankenblick, Germany) in a vacuum.

For subsequent analysis, the pellets were cut into smaller pieces using a diamond wire
saw. Both samples, skinnerite and wittichenite, possessed a higher than 90% theoretical
density. The electrical resistivity p and Seebeck coefficient S were measured under nitrogen
flow in a temperature range from 300 to 600 K employing the four-probe method with
a custom-made instrument that was carefully calibrated [39]. Thermal conductivity «
was calculated from the formula x = p-a-cp, where p is the sample density determined
experimentally, and « and ¢, are diffusivity and specific heat, respectively. The first two
properties were measured between 200 and 575 K with the Netzsch LFA 467 instrument
utilizing Pyroceram 9606 as a standard for heat capacity. Density was determined from
the sample’s dimensions and mass and was considered temperature-independent. The
thermoelectric figure of merit was calculated as ZT = S?T/(px), and its experimental
uncertainty is estimated at about 17% [39].

3. Results and Discussion

3.1. Structural Characterization Before and After Thermal Treatment and After Spark Plasma
Sintering (SPS)

The kinetics of mechanochemical synthesis of skinnerite CuzSbS3 was studied in more
detail in our previous paper [31]. The x-ray diffraction (XRD) pattern of the final product
CuzSbS; prepared after 30 min in the laboratory planetary mill is shown in Figure 1a.
Skinnerite phase crystallizes in the monoclinic crystal system with closely related cell
parameters a = 7.81571 A, b =10.25204 A, and ¢ = 13.22924 A, « =y = 90° and {3 = 90.29278°,
leading to an almost identical diffractogram. All the diffraction lines match well with
the JCPDS card of monoclinic (P121/c¢) skinnerite (JCPDS-01-082-0851). The results are in
accordance with the results published in the paper [40].
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Figure 1. XRD patterns of skinnerite CuzSbS3 (a)—mechanochemically synthesized after 30 min of
milling, (b)—after thermal treatment up to 773 K, and (c)—after spark plasma sintering at 723 K. The
identified phases in (b,c) are marked as follows: monoclinic skinnerite—Sy, tetrahedrite CujpSbsS13—
T, Cuy4SbsS13—T>, cubic skinnerite—Sc, cubic tetrahedrite—Tc, orthorhombic skinnerite—Sgp.
Miller indices labelled in (a) correspond to monoclinic skinnerite CuzSbSs.

The XRD pattern of the solid residue of CuzSbS; after thermal analysis up to 773 K
is displayed in Figure 1b, and significant changes in comparison with the as-milled one
(Figure 1a) can be observed. Namely, the original monoclinic CuszSbS; was significantly
decomposed into tetrahedrite phases Cuj;SbsSq13 (JCPDS-00-066-0318) and Cuy4Sb4Si3
(JCPDS-00-042-0560) upon losing sulphur as per the following hypothetical equation:

xCu3Sb83 — yCu128b4513 + zCu14Sb4S13 + wS (1)

Sulfur loss from sulfides upon thermal treatment is a well-known fact. The room-
temperature thermodynamically stable monoclinic skinnerite phase (P121/c) (JCPDS-01-
082-0851), which is stable between 263 and 395 K with a different small distortion of
the CuS; trigonal plane compared to the low-temperature structure, was also present.
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However, in our case, the monoclinic to orthorhombic phase transition around 395 K was
not confirmed, as was observed in the paper [16].

For comparison, the XRD analysis of CuzSbS; after SPS was also performed, and the
pattern is shown in Figure 1c. The phase composition is different from both as-milled
(Figure 1a) and thermally treated (Figure 1b) systems. This is logical since the system
undergoes efficient phase transformations with increased temperature, and, during SPS, the
temperature was lower (723 K) than for thermal treatment (773 K). Thus, an intermediate
situation is observed. However, during SPS, pressure is also applied, and, thus, the
observed phase change cannot be fully ascribed to the temperature effect. The present
peaks in the sample after SPS are narrower, and the intensity of the peaks is higher. These
results can be attributed to an increased size of the nanocrystals and stress release due to
sintering. The peaks can be associated with the cubic skinnerite (CuzSbS;) phase (ICSD-
031113) and with the cubic tetrahedrite (Cuj2Sb4S13) phase (ICSD-025707), which are also
observed in skinnerite Cu3SbS; after thermal analysis (Figure 1b). The Cuy4SbsS13 phase
was not observed in this case. However, a few lower-intensity peaks corresponding to the
orthorhombic skinnerite phase (ICSD-616615) were identified. As the skinnerite peaks are
more intense than after thermal treatment (Figure 1b), this confirms that the decomposition
has proceeded to a lesser extent after SPS. In general, SPS can lead to a significant change in
the phase composition of the mechanochemically prepared products, as we also witnessed
in our laboratory [41]; however, in our own research, we also had a situation in which no
change occurred [42]. The SPS methodology can also be used as a synthetic method to yield
similar compounds itself [43].

The kinetics of mechanochemical synthesis of wittichenite CuzBiS; was investigated
in more detail in our previous paper [32]. The XRD pattern of the final product CusBiS3
prepared for 5 min in a laboratory planetary mill is shown in Figure 2a. All the diffraction
lines match well with the JCPDS card of orthorhombic wittichenite (CuzBiS; JCPDS-00-043-
1479), which differs significantly from the traditional cubic and hexagonal semiconductors.
The crystalline structure is composed of distorted square pyramidal BiS5 units, where the
edges are shared to form the continuous trigonal planar CuS; units. The Bi atoms are
five-coordinated, and the Cu atoms are three-coordinated with respect to the neighboring S
atoms [8]. The orthorhombic wittichenite crystallized in the space group P2;2;2; with the
lattice parameters a = 7.723 A,b=10395 A, and c=6.716 A, x = B =v =90°. No diffraction
peaks corresponding to other phases were detected in the XRD pattern.

The XRD pattern of orthorhombic wittichenite after thermal treatment up to 773 K is
displayed in Figure 2b, where all the diffraction peaks can be indexed to the orthorhombic
(P27212,) wittichenite structure [40]; thus, there seems to be no phase change, in contrast
with skinnerite. The diffraction peaks became narrower, which points to higher crystallinity.

The XRD analysis of the wittichenite sample after SPS was also carried out. The
diffraction peaks are narrow (Figure 2c). The results did not reveal any other phases apart
from orthorhombic wittichenite crystallizing in the space group P2;2;2;. These results
could be ascribed to enhanced crystallinity and stress release due to sintering, in contrast
to the sample before SPS Figure 2a.
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Figure 2. XRD patterns of wittichenite Cu3BiS3 (a)—mechanochemically synthesized after 5 min
of milling, (b)—after thermal treatment up to 773 K, and (c)—after spark plasma sintering at 723 K.
Miller indices labelled in (a) correspond to orthorhombic wittichenite CuzBiS3. The identified phase,
orthorhombic wittichenite in (b,c), is marked as W.

3.2. Thermoanalytical Measurements

The thermal stability of mechanochemically synthesized skinnerite Cu3SbS; and
wittichenite Cu3BiS; was studied in more detail to confirm the stability of the prepared
powders, which is very important during the annealing step in the production of the
absorption layer.

The thermal analysis of skinnerite CuzSbS; has shown that it is thermally stable
in argon up to 603.8 K (Figure 3). After this temperature, in the temperature range of
603.8-771.5 K, there are two different overlapping processes. These are connected with
the sulfur loss as per the hypothetical equation forming the tetrahedrite phases. The
first process should be attributed to the reaction with an endothermic effect at 633 K,
being accompanied by 0.93% mass loss. It is connected and overlapping another process
beginning at 713 K with a very small 0.51% mass loss. However, these small mass losses
already lead to a significant phase change, as exemplified in Figure 1b.
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Figure 3. TG/DTG/DTA curves of Cu3SbS; after 30 min of milling measured in argon with a heating
rate of 5 K/min (TG curve—green line, DTG curve—red line, and DTA curve—blue line).

Figure 4 shows (TG/DTG/DTA) curves for mechanochemically synthesized wittichen-
ite Cu3BiS; measured in argon. As can be seen in Figure 4, Cu3BiS; is completely thermally
stable up to 550 K. In the temperature range of 550.6-620.1 K, only the mass loss of 0.49%
occurred. Above this temperature range, a very small drop in mass (only 0.36%) with
a small, broad, almost negligible DTA peak occurs. Above this temperature, a further
decomposition process did not occur. In contrast to the CusSbS; system, these mass losses
did not result in a phase composition change as shown in the XRD pattern (Figure 1b).
The overall mass loss in the case of the Cu3BiS; system is also about 0.6% lower than
that detected for the Cu3SbS; one. The Cu3BiS; sample prepared in this study is more
thermally stable in contrast to Cu3BiS3 prepared by microwave-assisted solution route,
where the transformation of Cu3BiS;3 from the room-temperature P2;2;2; polymorph to
the high-temperature polymorph occurred between 373 and 395 K [44].
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Figure 4. TG/DTG/DTA curves of Cu3BiS; after 5 min of milling measured in argon with a heating
rate of 5 K/min (TG curve—green line, DTG curve—red line, and DTA curve—blue line).
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Thermal analysis of both skinnerite CuzSbS; and wittichenite Cu3BiS; confirmed that
they are thermally stable up to 604 K and 550 K, respectively. However, in the case of
Cus3BiS;3, this small mass loss does not result in a phase change, and, from this viewpoint, it
can be considered stable for the TE measurements in the desired range. In the case of the
Cu3zSbS; system, a very small mass loss can be associated with the decomposition of small
amounts of various species present on the surface of samples, which is in accordance with
the zeta potential (ZP) measurements published in [31].

3.3. Thermoelectric Performance

It is known that the Cu-Sb-S and Cu-Bi-S systems belong to systems with moderate
thermoelectric performance and exhibit a lower and nearly temperature-independent
thermal conductivity. Namely, CuzSbSz has a low thermal conductivity because of its
anharmonic lattice, which is caused by electrostatic repulsion between Sb 5s2 lone-pair
electrons and neighboring atoms [45]. Similarly, Cu3BiS; is a promising thermoelectric
material due to intrinsically low values of thermal conductivity. Low thermal conductivity
is as a result of anharmonicity due to the lone-pair electrons of Bi 6s? that exist in Bi-
containing ternary chalcogenides [46]. The studied samples were synthesized as pristine,
so we cannot expect very good thermoelectric performance; this can be reached by doping.
Recent studies showed that, ideally, doped samples can attain values of the thermoelectric
figure of merit ZT between 0.2 and 0.8 at 623 K [47], where S is the Seebeck coefficient, p
electrical resistivity, x thermal conductivity, and T is the absolute temperature.

The skinnerite CuzSbS; powder was sintered to measure its TE properties, which are
shown in Figure 5 as a function of temperature. The electrical properties show p-type
semiconducting behavior with electrical resistivity decreasing with temperature. The
Cu3SbS; sample after sintering has a higher electrical resistivity of 2.7 x 10~* Q0-m at room
temperature, which drops to 2.5 x 107> QO-m at 600 K (Figure 5a).

In Figure 5b, the dependence of the Seebeck coefficient on the temperature is shown,
and a lower value of the Seebeck coefficient, 160 uV-K—1, at 600 K was obtained. The
Seebeck coefficient values are positive and indicate p-type conductivity. The positive
Seebeck coefficient shows a weak temperature dependence. A Seebeck coefficient ranging
from 165 to 220 uV-K~! at room temperature was reported in [16]. Similar results were also
stated in the paper [40].

The measured thermal conductivity of pristine CuzSbS; is shown in Figure 5c. The
measured value of thermal conductivity was 0.45 W-m~!.K~! at room temperature, which
increased to 0.75 W-m~1.K~! at 600 K. However, the thermal conductivity was lower than
the value 0.78 W-m—1.K~! reported by Lee et al. [40] and by Du et al. [16]. On the other
hand, the measured absolute value was higher than the value of 0.2 W-m 1K~ at 600 K
published by Wang et al. [43].

The maximum figure of merit value ZT reaches 0.69 at 575 K (Figure 5d). The value
of the ZT of the mechanochemically synthesized CuzSbS; sample after sintering was
significantly higher than the ZT of 0.01 at 623 K for orthorhombic CuzSbS; prepared by
mechanical alloying and SPS in [45]. Moreover, the maximum ZT of cubic CuzSbS; reaches
only 0.2 at 623 K [16,43], and the mechanical alloying-hot press-synthesized cubic CuzSbS3
reaches 0.57 at 623 K [40,48].
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Figure 5. Thermoelectric performance of skinnerite Cu3SbS; as a function of temperature:
(a) electrical resistivity, (b) Seebeck coefficient, (c) thermal conductivity, (d) figure of merit ZT. Using
different colors, we discern warming (red circles) and cooling (black squares) runs, respectively.
As temperature cycling between 300 and 400 K did not lead to any hysteresis and the data are
reproducible, we do not discern this temperature region. The apparent anomaly at about 360 K,
observed on resistivity (a) and thermopower (b), is probably caused by a minor change of the grain
surface from the Cu3SbS; phase to the tetrahedrite phase (see the text above). Thermal conductivity
(Figure 5¢) data measured on warming (red circles) and cooling (black squares), respectively, are
more likely to be due to measurement inaccuracy than because of a change in chemical composition.
The data for ZT (Figure 5d) are given only for the heating cycle; the cooling run is influenced by a
small, probably surface decomposition.

The phase transformation of the monoclinic skinnerite to tetrahedrite most probably
resulted in the improvement of the ZT.

Although the mechanochemically synthesized pristine skinnerite CuzSbS; is unsta-
ble during the SPS process, it is transformed into a mixture of phases with a decent TE
performance, and, thus, has good application potential as a TE material.

We also studied the thermoelectric properties of pristine wittichenite Cu3BiSs, i.e.,
without doping. The TE properties of the sintered powder were measured, and the results
as a function of temperature are shown in Figure 6. Here, as presumed, considering
the undoped phase, the electronic properties (Figure 6a,b) remained poor because of the
intentionally low-doping character of pristine wittichenite associated with natural defects.
Pristine CuzBiS3 has a very high electrical resistivity of 6 (2-m at room temperature, which
drops to 0.006 (2m at 600 K (Figure 6b).
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Figure 6. Thermoelectric performance of wittichenite Cu3BiS; as a function of temperature:
(a) electrical resistivity, (b) Seebeck coefficient, (c) thermal conductivity, (d) figure of merit ZT.
Different colors and symbols, explained in detail in the text, discern various domains of electri-
cal conductivity obtained on the basis of temperature annealing. The calculated figure of merit
(d) corroborates the stable domain characterized by weakly activated electrical resistivity and See-
beck effect of 400 pV-K~1.

The Seebeck coefficient, which reflects the character of native dopants (defects, impu-
rities, etc.), increases due to heating from the originally compensated value close to zero
at 300 K up to 509 uV-K~! at 600 K, as depicted in Figure 6b. Here, for the sake of clarity,
we distinguished the behavior between 300 and 400 K (red circles), not influenced by tem-
perature cycling, characterized by somewhat lower resistivity and the presence of n- and
p-type carriers with a temperature-induced dominance of holes. When the temperature was
increased to 500 K and reduced to 300 K, reproducible behavior with hole-like conductivity
was observed (black squares). Here, let us note that Wei et al. obtained a higher value of the
Seebeck coefficient (540 wV-K~! at room temperature) for synthesized Cu3BiS;; however,
the sample was densified using hot pressing [13]. Finally, when the temperature was
further increased to 600 K, even higher positive thermoelectric power was observed. This,
together with increased resistivity, insinuates a lowering of the p-type carrier concentration.
After cooling down to 300 K (blue triangles), the final value of the thermoelectric power of
~1000 uV-K~! stipulates that the p-type charge carrier concentration is really very low, and
the Cu3BiS3 was tuned towards its very pristine form.
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The measured thermal conductivity is almost constant and reaches a minimum value
of 0.28 W-m~1.K~1! at 575 K (Figure 6¢). The temperature cycling (red circles—warming
run, cooling run—black squares) did not exhibit any noticeable hysteresis. The value of
thermal conductivity in our case was slightly higher than the value of 0.17 W-m~1.K~! at
600 K reported by Wei et al. [13].

The figure of merit ZT of the Cu3BiS; sample, calculated for the p-type phase with
a thermoelectric power of close to 400 V-K~!, reaches only 0.09 at 575 K (Figure 6d),
which is obvious considering the pristine nature of the prepared phase. However, the
achieved value of ZT is higher than those of the previously studied CuzBiS; synthesized
via the high temperature route from elements [13], as well as of the Cu3BiS3 prepared via a
microwave-assisted solution route using a deep eutectic solvent (DES) [44]. In principle,
the synergy of low thermal conductivity and high Seebeck coefficient makes wittichenite
Cu3BiS; a promising material for thermoelectrics.

Generally, the lower thermal conductivity of mechanochemically synthesized or me-
chanically activated samples has a positive impact on increasing ZT in contrast to non-
milled samples, as was observed in other systems reported in the papers [49,50].

4. Conclusions

In this work, the promising thermoelectric properties of the mechanochemically syn-
thesized ternary chalcogenide skinnerite CuzSbS; and wittichenite Cu3BiS3 nanocrystals
by high-energy milling in a planetary mill are reported. In particular, new temperature-
dependent polymorphs, as well as new compounds (Cuy25b4513, Cu145b4S13), appear after
both the thermal treatment and spark plasma sintering (SPS) of skinnerite CuzSbS;. In the
case of wittichenite, after both thermal treatment and SPS, only orthorhombic wittichenite
is present. The thermal analysis proved that skinnerite CuzSbS; is thermally stable up
to 604 K and wittichenite Cu3BiSs is thermally stable up to 550 K. The positive Seebeck
coefficient for both prepared samples indicated the p-type conductivity of the prepared
materials. The thermoelectric measurements showed a figure of merit ZT of 0.69 at 575 K for
the pristine skinnerite CuzSbS; and a ZT of 0.09 at 575 K for pristine wittichenite sintered by
SPS. The prepared skinnerite CuzSbSs represents a prospective thermoelectric material for
future applications. This research also highlights the potential of mechanochemically syn-
thesized wittichenite Cu3BiS; as a promising thermoelectric material. These materials could
play a significant role in advancing thermoelectric technology for various applications in
the future.
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