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Abstract: The major issue associated with thermoelectric performance is the low efficiency of power
conversion. The main challenge is achieving a combination of high Seebeck coefficient, high elec-
trical conductivity, and low thermal conductivity for a significantly improved figure of merit (ZT).
Developing strategies include the production of tetrahedrites with an intrinsically low thermal con-
ductivity through the solvothermal method, using a low reaction time and processing temperature.
Here, we report on the preparation of Cu-rich tetrahedrites through the solvothermal technique at
low temperature, providing a promising strategy for the preparation of materials with potential
applications in thermoelectricity. The influence of synthesis reaction time and temperature on the
morphological, structural, and thermoelectrical properties of the samples was investigated through
different characterization techniques. Tetrahedrite synthesized at 180 ◦C for 19 h yielded a favorable
ZT value of >0.43 and a thermal conductivity of 0.2 Wm−1 K−1 (423 K), related to the Sb3+/Sb5+ and
Cu+/Cu2+ ratio, as was observed by XPS. The cubic tetrahedrite phase attributed to the (222) plane
was confirmed by XRD and TEM and the intense Raman mode observed at 351 cm−1. SEM images
revealed that nanotetrahedral Cu-rich tetrahedrites efficiently assemble into spherical structures,
resulting in an improvement in the Seebeck coefficient (437 µVK−1) and electrical conductivity.

Keywords: Cu-rich tetrahedrite; solvothermal parameters; thermoelectric efficiency

1. Introduction

An ideal thermoelectric (TE) material should exhibit a high Seebeck coefficient (S), as
typically observed in semiconductors; high electrical conductivity (σ); and low thermal
conductivity (κ), which comprises two sources, electronic motion (κe) and lattice phonon
motion (κl). Combining these features is a challenge for high-performance thermoelec-
tric materials [1,2]. Enhancing the power factor (PF) and reducing thermal conductivity
improves the performance of thermoelectric materials. This can be evaluated from the di-
mensionless figure of merit, ZT. An important property of a TE that displays a high ZT is the
maintenance of a low thermal conductivity, associated with a significant number of atoms
per unit cell. A complex crystal structure leads to a high probability of phonon dispersion in
the lattice and a highly symmetric crystal system [3–5]. Currently, conventional compounds
such as bismuth telluride (Bi2Te3) and lead chalcogenides such as PbE (E = S, Se, Te) are
still considered efficient thermoelectric materials. However, the most significant obstacle to
large-scale production is the inherent high toxicity of Pb, Te, Bi, and Se [6–9]. Therefore, the
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development of less toxic materials with enhanced TE performance has become important.
In recent years, considerable interest has arisen in regard to producing Cu chalcogenide TE
materials due to their high efficiency, optimal PF, and low toxicity [10].

Ternary copper–antimony sulfide compounds, such as chalcostibite (CuSbS2), famati-
nite (Cu3SbS4), skinnerite (Cu3SbS3), and tetrahedrites (Cu12Sb4S13), belong to the I-V-VI
family of p-type semiconductor materials [11]. These are promising thermoelectric materi-
als because the active lone-pair electrons in the Sb3+ ions contribute to their exceptionally
low thermal conductivity [12]. The chemical composition of tetrahedrites can be expressed
as A12X4Y13, where A represents copper (Cu); X denotes a metalloid, in particular, anti-
mony (Sb) or arsenic (As); and Y represents sulfur (S). Tetrahedrite has a cubic crystal
structure that exhibits I43 m symmetry. Six of the twelve copper atoms are arranged in
planar trigonal sites. The remaining copper atoms are distributed in 12 tetrahedral sites.
Additionally, these sites are occupied by Sb atoms bonded to three sulfur atoms, resulting
in the formation of holes in the structure and lone pairs around each Sb atom. Because
of its complicated chemical structure and tight stoichiometry, obtaining a pure phase of
tetrahedrite is a major challenge. The synthesis of tetrahedrites has focused on solid-state
techniques, but a further thermal treatment is required to produce a more homogeneous
material. In addition, the compacted powders are then sintered, resulting in a process that
requires a significant amount of energy because of high temperatures and long processing
times, which increase the cost-effectiveness of thermoelectric materials [13].

Some authors have reported that appropriate synthesis parameters for the preparation
of tetrahedrites have a significant effect on their thermoelectric properties. Lu et al. syn-
thesized high-performance TE materials with a ZT of 0.9 at 723 K from a natural mineral
employing the high-energy ball-milling method. The reported data indicate that the low
thermal conductivity of the tetrahedrite crystal structure and the small grain size of the
pellets are responsible for the high ZT value [11]. Lee et al. reported the thermoelectric
properties of skinnerite, Cu3SbS3, hot-pressed alloys. Their findings showed an enhanced
Seebeck coefficient and PF ranging from 0.58 to 0.61 mW m−1 K−2 at 623 K, and a thermal
conductivity value below 0.78 Wm−1 K−1, with a maximum ZT of 0.57 at 623 K [14]. Baláž
et al. synthesized tetrahedrites by mechanochemical and plasma sintering. From their find-
ings, it was demonstrated that the production of CuS (covellite), skinnerite, and famatinite
was influenced by milling time. Thermoelectric measurements revealed a maximum ZT
value of 0.67 at 700 K and were attributed to a relatively high-power factor of 1.07 mW
K−2 m−1 and a low thermal conductivity of 1.112 W m−1 K−1. While tetrahedrites pro-
duced through high-energy methods demonstrate promising ZT and PF. values, the goal of
producing sustainable materials should be achieved through low-energy techniques [15].
Kareem et al. reported a novel hydrothermal method for the synthesis of Cu11Zn1Sb4S13
(tetrahedrite and zincian) nanoparticles at a low temperature of 185 ◦C during 6 h and
further annealing at 400 ◦C for 2 h. The structural, morphological, and optical properties of
Cu11Zn1Sb4S13 nanoparticles were studied using the drop-casting method. The characteri-
zation and structure of Cu11Zn1Sb4S13 by XRD powder diffraction provide evidence for a
cubic structure [16].

The solvothermal method makes it possible to produce materials such as semicon-
ductors in novel structures and phases, which are difficult to obtain using other methods.
Furthermore, the size, shape, and crystallinity of the products can be controlled via the
adjustment of the reaction parameters, such as the temperature (about 500 K), reaction
time (15–20 h), solvent type, and pressure. The solvothermal method may reduce energy
consumption, making it an environmentally friendly choice alternative for materials’ syn-
thesis [13]. The solvothermal method allows the use of low temperatures (160 ◦C) and the
production of tetrahedrites in shorter times than other synthesis techniques. Temperature
can be used to influence the reaction kinetics, precursor solubility, reactant stability, and
solvent chemical composition [17]. Crystallite size, morphology, and material properties
are influenced by the processing time, since longer times allow for extensive nucleation
and growth [18]. An et al. reported the solvothermal fabrication of high-quality semicon-
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ductor famatinite fibers and tetrahedrite nanoflakes with an over-90% reaction efficiency
by varying the quantity of SbCl3, and the solution medium reaction temperature is critical
in the synthesis of a pure phase. From their findings, XRD patterns demonstrate that
by decreasing the reaction temperature to 120 ◦C, a significant number of mixed-phase
compounds were obtained, while by increasing the temperature to 200–250 ◦C, the prod-
ucts were mainly tetrahedrites. It has been demonstrated through the selection of the
appropriate solvent that the famatinite phase (Cu3SbS4) can be synthesized in water instead
of ethanol. The structures are composed of large quantities of nanofibers with average
diameters of 40–60 nm. It is notable that the utilization of ethanol as a reaction media leads
to the formation of a tetrahedrite phase (Cu12Sb4S13). The research demonstrates that the
reaction media exert a significant influence not only on the phase of the products but also
on the morphology of the final products [19]. Lis et al. reported the solvothermal synthesis
of tetrahedrites with 1-(2-aminoethyl) piperazine as a solvent to obtain both copper-rich
and copper-poor tetrahedrites with nanometric grain sizes ranging from 40 to 300 nm. The
structural and thermal properties of the materials were studied as a function of temperature
to revisit the phase evolution of the Cu-Sb-S system near the tetrahedrite compounds. Due
to the effective tuning of the carrier concentration, the Seebeck coefficient of the investigated
materials changes from 150 µVK−1 to 400 µVK−1 at 300 K. The prepared tetrahedrites’
nanocrystalline nature, which has a significant impact on the strong phonon scattering
at grain boundaries, results in an ultralow lattice thermal conductivity of approximately
0.25 Wm−1K−1 at 300 K. As a consequence of the precisely tuned electronic transport and
the ultralow lattice thermal conductivity, the highest ZT parameter of 0.9 was achieved at
596 K for the nominal composition Cu13Sb4S13 [20]. The controlled morphology is of great
importance for improving thermoelectric performance and promoting energy savings by
operating in a low-energy condition.

This study demonstrates the synthesis of a Cu-rich tetrahedrite phase prepared using
a low reaction time and temperature-dependent assisted solvothermal method. We report
that variations in synthesis conditions have a significant impact on the occurrence of a
variety of secondary phases, including famatinite, chalcostibite, and covellite, and lead to
the production of a purer Cu-rich tetrahedrite. Due to their intrinsically low thermal con-
ductivity, Cu-rich tetrahedrites can be successfully utilized in thermoelectrical applications.

2. Materials and Methods

Cu-rich tetrahedrites were synthesized from the commercial reagents CuCl (Sigma
Aldrich, St. Louis, MO, USA, ≥99% purified), SbCl3 (Sigma Aldrich, USA ≥99%), and
Thiourea (NH2CSNH2, Sigma Aldrich, USA, ≥99%).

2.1. Synthesis of Cu-Rich Tetrahedrites

Cooper(I) chloride, antimony (III) chloride, and thiourea were incorporated in a vessel
in a proportion of 1.39:1.21:1 based on the literature synthesis [21] and ultrasonicated for
20 min at room temperature in ethanol (40 mL), as a solvent medium. The mixture was then
transferred to a polytetrafluoroethylene (PTFE) vessel (50 mL) and sealed in a stainless-steel
autoclave and heated in a furnace at three different temperatures, 165 ◦C, 180 ◦C, and
200 ◦C, for 15, 17, and 19 h, respectively, to evaluate the influence of synthesis parameters
such as temperature, time, and pressure on the formation of tetrahedrite compounds. The
pressure was not measured in this work, but when the temperature and pressure of the
solvent are increased above the critical point, it becomes a special supercritical fluid phase.
The autoclave was cooled to room temperature in an oven after the heat treatment was
completed. The final product was filtered and washed three times with deionized water
and ethyl alcohol-deionized water and then dried at 50 ◦C in an oven, during 48 h, resulting
in a dark powder. For more details, see Supplementary Materials Figure S1.
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2.2. Structural and Chemical Characterizations

The structural analysis was performed by X-ray diffraction (XRD). A Bruker D8
Advance X-ray diffractometer was used with CuKα radiation (1.5418 Å) with Bragg–
Brentano geometry. The X-ray reflections were identified with the comparison of diffraction
patterns in the ICDD Powder Diffraction File (PDF) database. The compositional and
morphological analysis was performed using a Scios 2 DualBeam by obtaining the X-ray
energy-dispersive spectrometry (XEDS) analysis and the Scanning Electron Microscopy
(SEM) images, operated with an EDT detector, using Secondary Electron mode with an
accelerating voltage of 20 kV. The powdered samples were deposited directly onto the
carbon tape for analysis. High-resolution transmission electron microscopy (HRTEM) and
selected-area electron diffraction (SAED) were used to observe the Cu-rich tetrahedrites
produced at 200 ◦C for 15 h (JEM-2010, Japan Electronics Co., Ltd. Tokyo, Japan). A LaB6
thermionic electron gun was used with an acceleration voltage of 200 kV. Each sample
was ethanol-diluted and ultrasonically homogenized for 20 min to facilitate dispersion.
Fourier-transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR) was
used to study the optical properties of the obtained product. All measurements were
conducted using a Perkin Elmer, model Spectrum One, with a scanning range from 4000 to
650 cm−1 and an accuracy of ±4 cm−1.

The elemental composition of the compounds was analyzed by X-ray photoelectron
spectroscopy (XPS) in a Thermo Scientific K-alpha, in ultrahigh vacuum, using a monochro-
matic AlKα X-ray source at 1486.6 eV energy. For the thermoelectric characterization,
circular pellets of 10 mm in diameter and 0.8 mm in thickness were compressed at 8 MPa
for 15 min. The pellets showed ≥95% the theorical density. The electrical conductivity (σ)
and Seebeck coefficient (S) of the circular pellets were measured from 303 to 423 K using a
Netzsch SBA 458 Nemesis apparatus. The thermal diffusivity was obtained from the same
circular pellets via the laser flash method, using a Netzsch LFA 467 HiperFlash instrument
from 303 to 423 K. Finally, the figure of merit (ZT) was calculated as follows:

ZT =
σS2

k
T (1)

where σ denotes the electrical conductivity; S represents the Seebeck coefficient; and
k stands thermal conductivity, calculated from k = α· · · cp· · ·d. Here, α represents thermal
diffusivity, cp represents specific heat, and d denotes material density.

3. Results

We investigate the influence of both reaction time and temperature parameters in
the synthesis of Cu-rich tetrahedrites by the solvothermal method with a view to their
potential application in the development of thermoelectric materials. The investigation
of Cu-rich compounds is motivated by the interest in developing materials to eventually
reduce conventional thermoelectric materials. It is highlighted that the effect of the reaction
time leads to an improvement in the figure of merit for Cu-rich tetrahedrites.

3.1. Spectroscopic Analysis
3.1.1. Fourier-Transform Infrared Spectroscopy

Figure 1a–c depict the spectra of Cu-rich tetrahedrites produced at 165, 180, and 200 ◦C
for 15, 17, and 19 h of time reaction. The main reason for this analysis was to reveal the
composition of the materials to detect the organic precursors’ traces. The compounds
produced at 165 ◦C showed the typical vibrations of the thiourea around 3334, 1518,
1414, 1079, and 694 cm−1, which were attributed to the NH stretching, NH bending, CN
asymmetric stretching, CN stretching, and C=S rocking, respectively. As the temperature
increased to 180 and then 200 ◦C, low intense bands were observed, and in some cases,
those were absent. The symmetric stretching and bending bands centered at 3334, 1615,
and 1518 cm−1 were attributed to the -OH groups of the solvent [22] that probably are
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trapped inside the porous structure of the Cu-rich compounds, as was observed in the
SEM micrographs. The bands centered at 3275, 3174, 3123, 1414, 1397, and 1615 cm−1 were
attributed to symmetric and asymmetric N-H stretching, C=N stretching, and N-H bending,
respectively. However, the vibration of the C=S bond (735 cm−1) of the thiourea was no
longer observed. The band centered at 691 cm−1 attributed to the C-S bond was observed,
indicating that C=S turns into C-S with the temperature rise. The bands located around
1079 and 1067 cm−1 were attributed to the formation of CuSO4 ascribed to the S=O bond
of the sulfate groups, in agreement with the Raman spectroscopy analysis. The possible
evaporation of the sulfur groups could be responsible for the formation of new by-products
during the solvothermal process [23,24]. However, as observed in the 750–650 cm−1 region,
vibrational modes attributed to CuO are not detectable. We hypothesize that a crystalline
CuO structure is not completely produced and that the available copper is used to produce
tetrahedrite. For further details, please refer Supplementary Materials Figure S2.
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3.1.2. Raman Spectroscopy

The occurrence of possible secondary phases in the solvothermal compounds was
investigated using Raman spectroscopy analysis. The micro-Raman spectra of Cu-rich
tetrahedrites’ compressed powders prepared at 165, 180, and 200 ◦C during 15, 17, and
19 h are depicted in Figure 2a–i. The Raman spectrum of Cu-rich tetrahedrite powders
prepared at 165 ◦C and 15 h shows modes at 266, 286, 327, 354, and 473 cm−1. The intense
Raman mode observed at 354 cm−1 is characteristic of the tetrahedrite phase; for more
details, see Supplementary Materials Figure S3. The spectra also reveal other less intense
peaks located 266 and 286 cm−1 that are attributed to vibrations of this phase. Peaks
located at 327 cm−1 and 473 cm−1 are attributed to the Cu3SbS4 (famatinite) phase and
CuS (covellite) phase, respectively. Powder samples prepared at 165 ◦C during 17 h show
modes at 272, 299, 320, 351, 473, and 490 cm−1. The intense Raman mode observed at
351 cm−1 is characteristic of the tetrahedrite phase. The spectra also reveal other less
intense peaks located 272 and 299 cm−1 that are also lattice vibrations of this phase. The
Raman mode observed at 320 cm−1 is close to that of the Cu3SbS4 (famatinite) phase.
According to Prem Kumar et al., the nonappearance of vibration around 323 cm−1 is
associated with the poor crystalline structure of samples [25]. A mode observed at 473 cm−1

is due to the CuS (covellite) phase, in good agreement with Alqahtani et al. [23], and
decreases in comparison to samples’ growth at 15 h due to the oxidation of Cu, resulting
in CuSO4 formation, which can be verified through the shoulder observed at 490 cm−1

associated with the CuSO4 phase. Samples prepared at 165 ◦C and 19 h exhibit modes
at 249, 273, 290, 323, 355, and 472 cm−1. At these growth conditions, the tetrahedrite
phase was identified through the intense mode observed at 355 cm−1, which appears for
all growth conditions. The spectra also reveal other weak modes located at 249, 273, and
290 cm−1 that are associated with lattice vibrations of the tetrahedrite phase. Furthermore,
the Cu3SbS4 (famatinite) and CuS (covellite) phase were identified through the modes
observed at 323 and 472 cm−1, respectively. According to the findings, the Sb-S vibration
modes of υ1 (symmetric stretching) and υ4 (antisymmetric bending) exhibit the highest-
intensity peaks in the 351–357 and 295–300 cm−1 regions, respectively. Particularly, the
symmetric stretching mode was observed in all solvothermal synthesized compounds
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regardless of their growth conditions. The Raman spectra further confirmed the tetrahedrite
lattice vibrations assigned to weak broad bands at about 249 cm−1 and 266–273 cm−1,
respectively. Two vibrational modes, υ2 (symmetric bending mode) at 325–330 cm−1 and
υ3 (antisymmetric stretching mode) at 345–350 cm−1, were detected in the famatinite
phase. In agreement with Rath et al. the CuSbS2 phase of chalcostibite was found at
317 cm−1. Figure 2d–f display the Raman spectra of the compounds produced at 180 ◦C
for 15, 17, and 19 h. The influence of the solvothermal processing conditions plays a key
role in the formation of tetrahedrites [24]. Figure 2d shows the Raman spectra of the
compounds prepared at 180 ◦C for 15 h. The lattice vibration modes corresponding to
the tetrahedrite phase are not evident under these processing conditions. Chalcostibite
and famatinite secondary phases were detected at 317 and 335 cm−1. Furthermore, the
intensity of the phase associated with tetrahedrite (355 cm−1) was less intense than that
of famatinite. The vibrational mode of the CuS phase is asymmetrical and comprises
two internal bands associated with the sulfur modes (464 cm−1) and covellite (479 cm−1)
vibrational modes. The compounds produced at 180 ◦C at 17 h show tetrahedrite lattice
vibrations (231, 273, and 298 cm−1), famatinite (326 cm−1), tetrahedrite (352 cm−1), and
the covellite phase (471 cm−1) modes, as depicted in Figure 2e. Figure 2f shows the
Raman spectra of compounds prepared at 180 ◦C for 19 h. Interestingly, under these
processing conditions, lattice vibrations associated with tetrahedrites (278 and 299 cm−1)
are observed. The formation of tetrahedrites may be related to the increase in processing
temperature and reaction time, which may lead to a purer phase, since the CuS phase was
not observed under these conditions. It is hypothesized that covellite serves as a source
of copper atoms for the formation of tetrahedrites. Furthermore, vibrational modes of
famatinite (324 and 346 cm−1) are observed. Figure 2g–i show the Raman spectra of the
compounds prepared at 200 ◦C, produced for 15, 17, and 19 h. In addition, Figure 2h shows
the Raman spectra of the compounds prepared at 200 ◦C for 17 h. It is noteworthy that,
at 249, 277, and 293 cm−1, the lattice vibrations associated with the tetrahedrite phase
are observed. In addition, at 347 and 357 cm−1, respectively, both the famatinite phase
and the tetrahedrite phase are observed. We conjecture that an increase in temperature
and reaction time may lead to the decomposition of tetrahedrites, as evidenced by the
vibrational mode associated with this phase at 474 cm−1. Figure 2i displays the Raman
spectra of the compounds produced at 200 ◦C after 19 h. The disappearance of secondary
phases, including chalcostibite, after 19 h (200 ◦C) results in the formation of famatinite and
tetrahedrite compounds, which were identified by their vibrational modes at 324, 347 cm−1

(famatinite), and 357 cm−1 (tetrahedrite), as well as by SEM micrographs and XRD analysis.
Notably, the processing conditions also led to the formation of the covellite phase (474 cm−1).
Alqahtani et al. synthesized tetrahedrites and chalcostibite via the decomposition of a
mixture of bis(O-ethylxanthate) copper(II) and tris(O-ethylxanthate)antimony(III) and
produced a tetrahedrite phase with Cu and Sb atoms in different coordination environments
with a cubic structure [23]. The symmetric bending mode at 351 cm−1 was associated with
the cubic phase of the tetrahedrite, and the absence of this peak in the Raman spectra
may indicate poor crystallinity of the sample. The Raman results show the tetrahedrite
vibrational mode. At this point, it is important to highlight some trends observed in
the results obtained. For a constant reaction temperature (165 ◦C), and increasing the
reaction time, the number of phases present in the sample gradually increases. On the other
hand, if the reaction time is constant (19 h), the number of phases in the sample gradually
decreases with the increase in the synthesis temperature (200 ◦C), until finally there are
only two phases, in which the tetrahedrite phase is predominant.

Furthermore, our results revealed that by increasing the growing temperature, the sig-
nal associated to the covellite phase is reduced and completely vanishes at 200 ◦C, obtaining
a purer sample where only two phases are present (famatinite and tetrahedrite). The copper
available in the covellite phase favors the formation of a purer Cu-rich tetrahedrite phase.
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Figure 2. Raman spectra of solvothermal compounds produced with different experimental
conditions: (a,d,g) 15 h, (b,e,h) 17 h, and (c,f,i) 19 h.

3.1.3. X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS) signals were calibrated using the C 1s peak
of the adventitious carbon at 285 eV, and the signals were deconvolved using the Shirley
method. Chi-Square values ranged from 0.7 to 2, and for more details, see Supplementary
Materials Table S1. XPS measurements provide important information on the oxidation
state of Cu in the tetrahedrites. The mono- and divalent contributions of Cu 2p are identified
at different energies (BEs) and have distinctly different features, as shown in Figure 3a–i.
Pattrick et al. reported that the spectra for divalent Cu are characterized by a narrow single
line around 931 eV, whereas monovalent Cu gives a broad peak and an intense satellite at a
BE several eV higher [26]. It is well known that Cu has three common oxidation states: Cu0,
Cu+, and Cu2+, with BE values of 933.7 eV (Cu2+), 932.5 eV (Cu+), and 932.6/932.7 eV (Cu0).
Other authors have associated the Cu 2p3/2 peak at 932.98 eV with two shake-up satellites at
higher BEs (942.35 and 940.85 eV) [27,28]. The high-resolution XPS (HR-XPS) measurements
are depicted in Figure 3a–i and show the typical signals for Cu 2p species, associated with
the spin–orbit splitting of the Cu 2p3/2 and Cu 2p1/2 core-level peaks. These peaks have
a BE of 951.9 and 932.1 eV, respectively. These maximum values show a splitting energy
of about 19.8 eV. This value is in good agreement with that reported before [29,30]. The
Cu 2p3/2 and Cu 2p1/2 core-level peaks are mainly constituted by three inner components
in Cu-rich tetrahedrite compounds prepared at 165 and 180 ◦C, probably related to the
different valence states of copper due to the solvothermal process that produces oxidized
phases, while the compounds prepared at 200 ◦C are constituted by two deconvoluted
peaks, in good agreement with the formation of a Cu-rich tetrahedrite purer phase. The
broader deconvolved peaks at lower BEs of around 932.1 and 951.9 eV are in well agreement
with the formation of the Cu+ state. Besides this valence state, Karikalan et al. attributed
these signals to the formation of CuS compounds [31]. In contrast, the species at 933.8
and 953.6 eV are assigned to the Cu2+ valence state and low Cu2+ surface abundance.
The study’s evolution of the Cu+ and Cu2+ states’ ratio (Cu2+/Cu+) as a function of the
parameter conditions is shown in Table 1.
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Figure 3. XPS core-level spectra of Cu 2p compounds produced via solvothermal at different
processing conditions such temperature and reaction time: (a–c) 15 h at 165, 180, and 200 ◦C,
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Table 1. Cu2+/Cu+ ratio of the Cu-rich tetrahedrites prepared at different solvothermal conditions.

Temperature (◦C) Time (h) Cu2+/Cu+ Ratio

Solvothermal conditions

165
15 4.56
17 3.52
19 11.23

180
15 5.32
17 2.67
19 3.297

200
15 —
17 —
19 —

From the XPS analysis of Cu-rich tetrahedrites produced at 200 ◦C, we report two states
of copper, Cu0 and Cu2+, resulting from the deconvoluted Cu 2p peak. These states can
be related to the formation of two compounds, Cu3SbS4 (famatinite) and Cu12Sb4S13
(tetrahedrite), as proposed by Wang et al. [28].

According to our results, it can be argued that the only compound that could work
with Cu2+ states is the Cu12Sb4S13 pure phase. Due to the influence of the solvothermal
conditions, the Cu+ peak disappeared in the compounds produced at 200 ◦C, confirming
the production of tetrahedrites. The content of copper, antimony, and sulfur in the powders
was confirmed via an elemental analysis. A relationship is observed in the Cu2+/Cu+

ratio with the increasing temperature and processing time in the solvothermal method to
produce tetrahedrites; the Cu2+/Cu+ ratio tends to decrease at 15 and 17 h and increases
at 19 h.

The abovementioned observations could be observed in the compound produced
at 165 ◦C and at 180 ◦C. In the compounds prepared at 200 ◦C, it was not possible to
observe the signal corresponding to Cu+. Thus, it can be said that, under these conditions,
the compounds produced are mainly tetrahedrites, which can be confirmed by Raman
spectroscopy analysis and SEM images. The breakdown of the CuS bond in the covellite
phase provides cupper atoms to form the pure tetrahedrite phase.

Figure 4a,b show the typical HR-XPS spectra of the Sb 3d and S 2p species, respectively,
for the sample prepared at 200 ◦C for 15 h. The Sb 3d5/2 and Sb 3d3/2 binding energies are
at 529.3 and 538.6 eV respectively, corresponding to Sb3+ in Cu-rich compounds [32]. See
Supplementary Materials Figure S4. We reported a separation energy around 9.4 eV, which
is in good agreement with that reported by Vinayakumar et al. [33]. Supplementary Figure
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S5 depicts the Sb3+/Sb5+ ratio. Figure 4c,d show the signals for S 2p3/2 at 161.2 eV and S
2p1/2 at 162.6 eV with a separation BE of 1.2 eV. The peak at 532.0 eV is consistent with
adsorbed oxygen. The binding energies for S 2p3/2 and S 2p1/2 are 161.9 eV and 163.1 eV,
respectively. They are related to the S2− present in CuSbS2. Doublets with higher binding
energies of 163.4 eV (S 2p3/2) and 164.6 eV (S 2p1/2) have been attributed to a small amount
of surface CuS, as indicated by Wan et al. [34].
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Figure 4. High-resolution XPS spectra for the core level of Sb 3d of the compounds produced at
two different temperatures and reaction times: (a) 165 ◦C at 19 h and (b) 200 ◦C at 15 h. Additionally,
the S 2p spectra of the compounds produced at (c) 165 ◦C for 19 h and (d) 200 ◦C for 15 h.

In conclusion, the valence of Cu, Sb, and S of the samples synthesized at 180–200 ◦C
is consistent with tetrahedrite formation after 15 h, together with some unreacted binary
phases. Such phases were observed to remain on the powders at the end of the process,
according to the Raman analysis. However, from 180 ◦C to 200 ◦C, an increase in the Cu2+

state is observed, indicating the presence of two phases of copper–antimony sulfide, also
supported by the Raman analysis. In the XPS spectra of Cu-rich tetrahedrites prepared at
200 ◦C for 15, 17, and 19 h, there is no peak at ca. 199 eV, which is the fingerprint peak of
the Cl from CuCl and SbCl3, meaning that, with the increasing temperature and reaction
time, the chloride is completely removed from the solvothermal process for the preparation
of a purer Cu-rich tetrahedrite phase [35]. Given that under these solvothermal conditions
(200 ◦C), no oxidized phases were detected either in Raman nor FTIR., it is possible to infer
that the crystalline phase, such as CuO, does not exist as a pure phase within the Cu-Sb-S
system and undergoes partial oxidation at room temperature due to exposure to air, rather
than solvothermal-produced tetrahedrites.

3.2. Structural Analysis
X-ray Diffraction Patterns

The crystal structure and phase purity of the tetrahedrites were analyzed by X-ray
diffraction. Figure 5a–c show the X-ray diffraction patterns of samples containing Cu,
Sb, and S synthesized at 165, 180, and 200 ◦C for three reaction times of 15, 17, and
19 h each. From a reaction time of 15 h and temperature of 165 ◦C, four products were
identified in the XRD spectra of the analyzed samples, which included covellite CuS (space
group: P63/mmc), chalcostibite CuSbS2 (space group: Pnam), famatinite Cu3SbS4 (space
group: I − 42 m), and tetrahedrite Cu14Sb4S13 (space group I43 m). According to the
XRD results, the crystalline structures of the samples display important changes due to
the synthesis parameters (time and temperature). At each reaction time and temperature,
the diffractograms show characteristic signals of the Cu14Sb4S13 tetrahedrite phase. The
diffraction peaks in the patterns coincide well with the standard reference file JCPDS
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No. 42-056, and the most intense diffraction peaks are located at 2θ = 29.95◦, 49.90◦, and
59.39◦, attributed to the (222), (440), and (622) planes of the tetrahedrite cubic phase,
respectively. The diffractograms also show lower intense peaks located at 2θ = 32.4◦, 34.7◦,
36.9◦, 44.7◦, and 54.7◦, which correspond to the (321), (400), (330), (510), and (622) planes of
the cubic tetrahedrite phase, respectively. The diffractograms also display the typical signals
of the chalcostibite (CuSbS2) phase at 2θ = 28.42◦, 28.72◦, 42◦, and 52◦, assigned to the (111),
(410), (321), and (212) planes of the orthorhombic phase, respectively. The positions of the
peaks agree well with those reported for this phase in JCPDS card No. 44-1417.
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Figure 5. Powder XRD patterns of different compositional Cu-rich tetrahedrites produced during
(a) 15h, (b) 17h, and (c) 19 h at 165, 180, and 200 ◦C. The inset shows the 29◦ < 2θ < 31◦ interval.

The most intense signals (100% intensity) for the three most abundant phases found
in the samples are located at 2θ = 29.053◦ (famatinite, (112)), 2θ = 29.910◦ (chalcostibite,
(301)), and 2θ = 29.95◦ (tetrahedrite, (222)). Consequently, a significant overlap of the
corresponding signals around 2θ = 29.5◦ was observed, and therefore it may be challenging
to identify which of the two phases is present from the diffractograms. Bincy et al. synthe-
sized chalcogenide nanoparticles at a range of temperatures between 200 ◦C and 240 ◦C.
They found that, as the temperature increases, significant changes take place in the crystal
structure, optical properties, and electrical performance of the material. They demonstrate
that temperature is responsible for the formation of pure Cu3SbS4 to CuSbS2 nanoparticles
for photovoltaic applications [36].

In this work, we report that, as the temperature increases, the intensity of the diffrac-
tion signals increases, the peak FWHM decreases, and, consequently, the crystallite size
increases. Temperature influence has a significant impact on the formation of purer tetra-
hedrite phases. When the temperature is set to 165 ◦C, a high content of phase mixtures
of Cu-rich compounds is observed. Furthermore, we found that famatinite, chalcostibite,
covellite, and tetrahedrite subphases were also produced. The cubic tetrahedrite phase was
successfully produced at each reaction time and temperature. However, a greater amount
of tetrahedrite structures was observed from 180 to 200 ◦C. The signals associated with
the chalcostibite phase (around 28◦) decrease as the synthesis temperature increases, while
the signal associated with the tetrahedrite increases with the increasing temperature. An
et al. reported that both hydrothermal and solvothermal methods are appropriate for the
synthesis of famatinite nanofibers and tetrahedrite nanoflakes. The role of the reaction
temperature in controlling the phases and morphology of the resulting products was found
to be significant [19]. It is important to emphasize that the reaction time has an impor-
tant effect on tetrahedrite formation, but the optimal time and temperature conditions
for obtaining tetrahedrites in their pure phase was from 180 to 200 ◦C at 19 h. All peaks
in the pattern for the tetrahedrites could be indexed to a cubic copper–antimony sulfide
with a lattice parameter a of 10.31 Å. Supplementary Materials Figure S6 shows the cell
parameters of Cu-rich tetrahedrites synthesized at different processing conditions, such as
time and temperature, which is in good agreement with the literature. The peaks for the
impurity phases in Figure 5 are much smaller than those for tetrahedrite.
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3.3. Morphological Analysis
3.3.1. Scanning Electron Microscopy

Scanning electron microscope (SEM) images of samples synthesized under different
processing conditions are shown in Figure 6a–i. At 165 ◦C and the 15 h reaction time,
the compounds are mainly formed by micrometric rod-like structures. These appear as
bundles, possibly due to the secondary phases including chalcostibite, famatinite, covellite
and tetrahedrite, which have also been identified by XRD and Raman spectroscopy. In
addition to rods, sparse microspheres with an average diameter around 5–10 microns,
formed by well-defined tetrahedral structures characteristic of tetrahedrite, are observed.
However, rods predominate. The appearance of a secondary phase consisting of a rod-
like structures was previously reported by An et al. They reported rod structures with
uniform diameters in the range of 50–60 nm and 3–4 µm in length, attributed to the
chalcostibite phase [37]. Our SEM images reveal a small number of fibers coexisting
with a significant number of spherical structures, which are also formed by well-defined
tetrahedral structures. As the temperature further increases, the highly cohesive rod-like
structures tend to separate into fibers like a fringed rope. The fragments released from
the elongated fibers appear to be precursors to the formation of tetrahedral structures.
From the abovementioned information, it can be concluded that the secondary chalcostibite
phase evolves to form more complex structures, such as a tetrahedrite. The XRD and
Raman spectroscopy results confirm that the structures are also Cu-rich compounds, such
as chalcostibite, covellite, famatinite, and tetrahedrites. The scenario is quite different when
the temperature is increased to 200 ◦C, as SEM images of the sample surface no longer
show fibers or rod-like structures; instead, they show platelet fragments of rods coexisting
with many sphere-like structures. The rods forming cohesive platelet-like structures appear
to have fragmented into smaller structures, such as tetrahedra, which then assemble into
layers to form micrometer-sized spherical structures, which in turn are composed of small
tetrahedra. The high processing temperature favors the evolution of secondary phases
from the Cu-rich compounds to form tetrahedron-like structures, which in turn decompose
into smaller structures. The Raman spectroscopy results support the formation of a purer
phase in which only the tetrahedrite and famatinite phases coexist. However, XRD shows
that the famatinite phase almost disappears and the tetrahedrite phase predominates
over the secondary phases. Fasolin et al. reported the preparation of tetrahedrites by the
solvothermal method at 200 ◦C. The authors suggested that the secondary phases and the
tetrahedrite phase were produced because of their similar compositions. They identified
the secondary phases as micrometer crystals, while the tetrahedrite phase was observed as
nanometer grains [38].

We observe differences in the morphology of the tetrahedrites synthesized at 165 ◦C
for 15 and 17 h. The fibrous structures are no longer observed, and the surface contains
rods with a more cohesive morphology, and they seem to break into smaller fragments,
such as compacted platelets. The rods appear smoother compared to those produced at
15 h, and some structures, such as buds, are visible on their surface. We also noticed
highly cohesive structures in the form of platelets and tetrahedral structures in a spherical
arrangement. It is evident that the reaction time influences the appearance of structures
such as tetrahedrites. When the temperature was increased to 180 ◦C, the rods almost
disappeared, and the samples appeared as spheres consisting of tetrahedral structures. An
interesting phenomenon occurs at 200 ◦C: no rods are observed; instead, the sample surface
contains spherical microstructures made up of sub-micron tetrahedral structures, suggest-
ing that the subphases have decomposed, leading to a tetrahedral phase in a significant
proportion. At this point, we observe cohesive and compacted structures, but the most
abundant phase is undoubtedly the tetrahedrite, which coexists with flower-like structures
that are observed to be polydisperse in shape and size. Wang et al. prepared chlorine-doped
hierarchical famatinite with a flower-like arrangement by the solvothermal method. The
authors reported that CuS flower-like microspheres composed of nanoflakes served as an
intermediate for the synthesis of famatinite [39]. This is related to the Raman spectroscopy
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analyses where it was found that the CuS acts as self-sacrificing structural templates to
guide the reaction until the desired products are formed. In addition, microstructures
consisting of tetrahedrons in a spherical arrangement are also observed.
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The occurrence of chalcostibite rods in the sample was observed by extending the
reaction time up to 19 h, at low temperatures (165 ◦C). It is important to mention that,
under these conditions of processing, it was observed that an increased number of spherical
aggregates were arranged in the form of grape bundles, apparently arising from the highly
condensed structures, possibly because of the highly cohesive platelet structures. At these
processing conditions, the tetrahedrite phase (spheres) exhibits increased dispersity in both
shape and size, which may be related to the improved thermoelectric properties. When
the temperature is increased to 180 ◦C, the aggregates remain polydisperse in shape and
size. It is observed that highly cohesive and large platelets, over 50 microns in size, tend to
break up into nanometer-sized disks. These disks probably play a role in the formation of
the tetrahedrons that make up the tetrahedrites from the decomposition of chalcostibite
rods. The aggregates produced at low reaction times and high temperatures were not well
defined, which may indicate that temperature produces a purer phase of tetrahedrites even
with increasing time, according to the results presented in the section covering Raman and
diffraction spectroscopy in this report.

It is feasible to form spherical aggregates of tetrahedrites at 200 ◦C. However, the
surface of the tetrahedrons has irregularities, probably due to some structural change
responsible for the asymmetric XRD peak typical of tetrahedrites. Lowering the tempera-
ture and reaction time results in the formation of smaller and even elongated structures
rather than clusters of tetrahedrites. Tetrahedrites undergo fragmentation and possible
disintegration in secondary phases, resulting in the formation of highly condensed platelets
with aggregate sizes greater than 5 microns. The morphology and size of the tetrahedrites
suggest the occurrence of nanometer-sized particles with an estimated average size of
30 nm. Scanning electron microscope (SEM) images reveal that these nanostructures have
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a tetrahedral structure, which is consistent with the natural structure of tetrahedrite. It is
noteworthy that as the reaction temperature increases, the definition of each nanotetrahe-
dron becomes more defined. This can be seen more clearly in the high-resolution images
shown in Figure 6.

Regulacio et al. fabricated tetrahedrites by the solvothermal method from 180 ◦C to
200 ◦C for 16 h; they reported the formation of tetrahedral crystals with voids or cavities
ranging from 3 to 20 nm in size [40]. Our results show that the effect of temperature and
reaction time on tetrahedrite formation results in a purer phase at temperatures ranging
from 180 to 200 ◦C. In addition, longer reaction times and lower temperatures result in more
defined tetrahedrites without voids or cavities. SEM micrographs of Cu-rich tetrahedrites
synthesized at 165 and 200 ◦C for 15, 17, and 19 h and their corresponding XEDS are shown
in Supplementary Materials Figure S7.

3.3.2. Transmission Electron Microscopy

TEM images of the tetrahedrite Cu14Sb4S13 show the formation of agglomerated
particles in the nanometric range (Figure 7a). This agrees with the SEM results. The lattice
fringes’ spacing was estimated to be 0.291 nm, which corresponds to the (222) lattice plane
of cubic tetrahedrite phase. The circular ring pattern of the Cu14Sb4S13 tetrahedrite is
shown in the inset of Figure 7a. Diffraction rings correspond to the (220), (211), (220), and
(222) family of planes with interplanar spacings of 4.982, 4.197, and 0.291 nm, respectively.
These values are in good agreement with those reported in PDF card 00-024-1318 for the
cubic tetrahedrite Cu14Sb4S13 and are consistent with the XRD patterns of these materials.
Figure 7b shows a HRTEM image of tetrahedrite processed at 180 ◦C for 15 h. A lattice
spacing of 0.355 nm could be measured from the image and was attributed to the (222) plane
of the tetrahedrite cubic phase.
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charge carrier that consequently increases the σ values, maybe due to the Cu-rich phases’ 
increase. These results are in good agreement with other TE materials previously studied 
[41]. Reducing the sulfur-rich compounds leads to an increase in σ, implying the produc-
tion of a purer phase of the tetrahedrites due to the evolution of secondary phases such as 
chalcostibite. An increase in the Cu-rich phase provokes the substitution of Sb3+ by Cu+ 
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flow by dislocations resulting from the processing method may be responsible for the low 
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Figure 7. (a) HRTEM image of Cu12Sb4S13 displaying lattice spacings of 0.291 nm attributed to the
(222) plane of the cubic tetrahedrite. Furthermore, several nanotetrahedral shapes are observed.
Inset in (a) displays the corresponding circular ring pattern. (b) TEM image of tetrahedrites. Red
and yellow shapes highlight tetrahedral shapes of nanostructures. The inset in (b) shows the lattice
spacings of 0.355 nm attributed to the (222) plane of the cubic tetrahedrite.

Selected TEM micrographs and SAED patterns of Cu-rich tetrahedrites are shown in
Supplementary Materials Figure S8. An analysis of over 20 HRTEM images revealed that
essentially only the cubic tetrahedrite phase grows under these synthesis conditions.
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3.4. Thermal Properties of Tetrahedrites
3.4.1. Temperature Dependence of Electrical Conductivity

Figure 8a shows the temperature dependence of the materials fabricated at 15 h. The
tetrahedrites prepared at 165 ◦C show an electric conductivity value of 2.3 × 103 S/m.
However, the tetrahedrites produced at 180 ◦C have a conductivity of 5.1 × 104 S/m,
whereas the tetrahedrites produced at 200 ◦C have an electric conductivity of 2.1 × 103 S/m
at 453 K of the temperature range analyzed. For a reaction time of 17 h, the electrical
conductivity values for the tetrahedrites prepared at 165, 180, and 200 ◦C were 1.3 × 103,
2.9 × 103, and 1 × 104 S/m, respectively. At 19 h of reaction time, the electrical conductivity
values for the tetrahedrites obtained at 165, 180, and 200 ◦C were 3.4 × 103, 1.8 × 103, and
2.3 × 103 S/m, respectively. As can be seen from the graphs of the temperature dependence
of the electrical conductivity, the tetrahedrites produced at 165 ◦C, regardless of reaction
time, do not exhibit a high electrical conductivity value, while the tetrahedrites produced
at 15 h and 180 ◦C display the highest electrical conductivity (5.14 × 104 S/m). It should be
emphasized that the tetrahedrites obtained at 19 h and 180 ◦C have an electrical conductivity
value of 18085 S/m and the highest ZT value (0.43) achieved in this investigation. An
increase in the electrical conductivity of a material is attributed to a high concentration
of charge carrier that consequently increases the σ values, maybe due to the Cu-rich
phases’ increase. These results are in good agreement with other TE materials previously
studied [41]. Reducing the sulfur-rich compounds leads to an increase in σ, implying the
production of a purer phase of the tetrahedrites due to the evolution of secondary phases
such as chalcostibite. An increase in the Cu-rich phase provokes the substitution of Sb3+ by
Cu+ and/or Cu2+ and possibly increases the charge concentration. The disruption of the
current flow by dislocations resulting from the processing method may be responsible for
the low electrical conductivity. In our study, the high pressure, reaction time, and processing
temperature of solvothermal conditions may have influenced the TE performance.
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Figure 8. Temperature dependence of electrical conductivity for the samples prepared using the
solvothermal method at different processing conditions: (a) 15 h, (b) 17 h, and (c) 19 h. The range of
temperature tested was from 303 K to 430 K. (b) displays the highest value of electrical conductivity.

3.4.2. Temperature Dependence of Thermal Conductivity

Figure 9 shows the temperature dependence of thermal conductivity. Figure 9a dis-
plays the thermal conductivity values of the compounds prepared from 165 ◦C to 200 ◦C for
15 h. It can be observed that the compounds produced at 200 ◦C have the maximum thermal
conductivity values, while those produced at 165 ◦C and 180 ◦C display thermal conduc-
tivity values lower than 0.5 Wm−1K−1 in the whole temperature region (363–423 K). The
processing temperature may have an impact on the thermal conductivity values of cu-rich
tetrahedrites. After 17 h of reaction time (Figure 9b), it was observed that the compounds
produced at 200 ◦C displayed the highest thermal conductivity value (1.08 Wm−1K−1) at
423 K. In contrary compounds prepared at 165 ◦C showed the lowest thermal conductivity
(0.65 Wm−1K−1) in the whole temperature range analyzed. It is noteworthy that extending
the reaction time to 19 h, as depicted in Figure 9c, increased the thermal conductivity
(1.04 Wm−1K−1 at 423 K) of the compounds prepared at 200 ◦C, while the compounds
prepared at 180 ◦C exhibited the lowest thermal conductivity values (0.18 Wm−1K−1) at
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423 K. The compounds produced in this investigation exhibit thermal conductivity val-
ues comparable to those reported in other studies [42]. The lower thermal conductivity
observed in the compounds generated at 165 ◦C (15 h and 17 h) could be ascribed to
the structural and chemical characteristics of the Cu14Sb4S13 compounds, such as sulfur
deficiency-induced carrier defects, impurities, and grain boundary-induced Anderson
localization (coupling with other atoms) and the mixture of secondary phases. As seen
in the SEM images (Figure 6), many grain boundaries are present, which can significantly
reduce the properties of the charge carriers in the Cu-rich compounds, leading to a low
thermal conductivity. In the SEM images, micrometer-sized platelets can be observed
co-existing with tetrahedrite spheres. In addition, nanostructures are in a hierarchical
arrangement to be forming tetrahedrites, which may contribute to the decrease in thermal
conductivity. Both electrical and thermal conductivity values, which are critical in deter-
mining the TE performance of tetrahedrites, were highly influenced by the reaction time
and processing temperature.
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Figure 9. Temperature dependence of thermal conductivity for the samples prepared using the
solvothermal method at different processing conditions: (a) 15 h, (b) 17 h, and (c) 19 h. The range
of temperature tested was from 303 K to 423 K. The lowest thermal conductivity is achieved by
tetrahedrites produced at 165 and 180 ◦C in the solvothermal process.

Our study suggests that solvothermal parameters, including pressure, temperature,
and reaction time, have a significant influence on TE performance of tetrahedrites. The
thermal conductivity of tetrahedrites, produced at 200 ◦C (15 h) and 165 ◦C (19 h), is
significantly reduced from 0.93 Wm−1 K−1 to 0.439 Wm−1 K−1 (423 K), respectively. This
reduction could lead to the suppression of the bipolar effect, as well as to the substitutional
point defect scattering of phonons for further suppression of the effect.

3.4.3. Temperature Dependence of Seebeck Coefficient

Figure 10 depicts the dependence of the Seebeck coefficient. This demonstrates that
the synthesis conditions influence the Seebeck coefficient, resulting in both n- and p-type
semiconductors. The tetrahedrites fabricated at 200 ◦C for 15 h were mainly of a p-type.
The compounds prepared at 17 h revealed a quite unexpected scenario; as can be seen
in Figure 10b, the influence of the preparation temperature is evident. The tetrahedrites
fabricated at 165 ◦C displayed Seebeck coefficient values that suggest that the compounds
possess both n- and p-type properties over the entire temperature range studied, demon-
strating that, at low temperatures, the preparation of tetrahedrites with thermoelectric
performance attributed to a given semiconductor type is complex, possibly due to the
occurrence of secondary phases, as shown by the Raman spectra. The Seebeck coefficient
value was found to increase with the analysis temperature for compounds prepared at
180 ◦C. Tetrahedrites synthesized at 17 h and 180 ◦C yielded a Seebeck coefficient value
of 147 µVK−1 (423 K). Figure 10c depicts the dependence of the Seebeck coefficient as a
function of the temperature range analyzed. The preparation temperature has an influence
on the value of the Seebeck coefficient; the compounds obtained at 165 ◦C show an increase
in Seebeck coefficient over the whole temperature range analyzed; it is evident that as
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the analysis temperature increases, so does the value of the Seebeck coefficient, whereas
the compounds obtained at 180 ◦C show Seebeck coefficient values very close to zero.
At higher preparation temperatures, a slight Seebeck coefficient value is observed. The
compounds produced at 200 ◦C yielded negative Seebeck coefficient values, indicating that
n-type tetrahedrite formation is favored at these processing conditions.
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Figure 10. Temperature dependence of Seebeck coefficient for the samples prepared using the
solvothermal method at different processing conditions: (a) 15 h, (b) 17 h, and (c) 19 h. The range
of temperature tested was from 303 K to 423 K. The highest Seebeck coefficient is achieved in the
tetrahedrites produced for 17 h at 180 ◦C.

The temperature-dependence of the Seebeck coefficient of the tetrahedrites prepared
using a reaction time of 19 h is shown in Figure 10c. The tetrahedrites produced at
165 ◦C exhibited a p-type character throughout the temperature range analyzed. At 423 K,
the Seebeck coefficient value was 437 µVK−1. Increasing the processing temperature to
180 ◦C showed that the tetrahedrites mostly exhibited an n-type nature, as their Seebeck
coefficient values were negative in almost the entire temperature range analyzed. At
423 K, the Seebeck coefficient had a value of −32 µVK−1. Our analysis of tetrahedrites
prepared at 200 ◦C revealed that the Seebeck coefficient was predominantly p-type, as
evidenced by the positive Seebeck coefficient values. At 423 K, the Seebeck coefficient
was 97 µVK−1. The influence of the processing conditions on the Seebeck coefficient
of the tetrahedrites produced by the solvothermal method is revealed, and it is shown
that such processing conditions can have an influence on the thermoelectric performance.
Although the tetrahedrites displayed both p- and n-type semiconductor properties, the
highest Seebeck coefficient value at 423 K in the entire range of temperatures analyzed was
achieved for tetrahedrites fabricated at 19 h and 165 ◦C.

The processing conditions allow p-type tetrahedrites to be fabricated by controlling the
temperature and reaction time. Figure 11 depicts the temperature dependence of the figure
of merit on the preparation parameters. The ZT values of the compounds prepared at 15 h
are shown in Figure 11a; ZT values close to zero were achieved for tetrahedrites synthesized
at 165 ◦C, while the highest ZT values were reached for tetrahedrites prepared at 200 ◦C
and 180 ◦C. Tetrahedrites prepared at 180 ◦C achieved a ZT equal to 0.3. Figure 11b shows
the temperature-dependence of ZT and the influence of the reaction time and processing
temperature. It is observed that at the lowest temperature (165 ◦C), the ZT value is nearly
zero. As the temperature increases to 180 ◦C and 200 ◦C, the ZT value slightly increases
for the compounds prepared at 200 ◦C, while the ZT value for the tetrahedrites fabricated
at 180 ◦C was 0.35. The processing conditions appear to influence the ZT value, because
regardless of the reaction time, the tetrahedrites prepared at 165 ◦C had a smaller ZT
value, whereas the highest ZT value was found in the tetrahedrites prepared at 180 ◦C.
The tetrahedrites prepared at 200 ◦C had a ZT value of 0.35, whereas the ZT value of the
tetrahedrites prepared at 180 ◦C was 0.35.
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Figure 11. Temperature dependence of ZT of the samples prepared using the solvothermal method at:
(a) 15 h, (b) 17 h, and (c) 19 h. The range of temperature tested was from 303 K to 423 K. The highest
ZT value is achieved by Cu-rich tetrahedrites produced at 180 ◦C.

The synthesis parameters significantly influence the thermoelectric properties of tetra-
hedrites synthesized by the solvothermal method, due to a combination of inherent proper-
ties, such as the electrical conductivity, Seebeck coefficient, and thermal conductivity. The
unique features of tetrahedrites could be exploited to fabricate materials with the capability
to perform thermoelectric power generation. ZT is strongly influenced by the Seebeck
coefficient and thermal and electrical conductivity, regardless of the semiconductor mate-
rial produced in solvothermal processing. In this work, it is demonstrated that although
ZT constituents are fundamental for achieving a high figure-of-merit value, the electrical
conductivity is crucial for achieving values that are close to the unity. It is interesting to
highlight that although the tetrahedrites synthesized at 165 ◦C and at 15 h appeared to
have a lower thermal conductivity than those synthesized at 17 and at 19 h, they do not
display a high ZT value, as the electrical conductivity values were relatively small. The
Seebeck coefficient values of the compounds prepared from 165 to 200 ◦C for the 15, 17,
and 19 h reaction times are shown in Figure 10a–c. The Seebeck coefficient was measured
over the temperature range 303–423 K. Based on the Seebeck coefficient values, by varying
the solvothermal processing conditions, both p-type and n-type semiconductors can be
produced; nevertheless, the modular values of the Seebeck coefficient are considerably
higher for the p-type samples in comparison to the n-type ones. This behavior can be
associated with the carrier’s concentration and could influence the TE performance. Ac-
cording to results depicted in Figure 10a, the Seebeck coefficients of samples prepared
at both 165 ◦C and 180 ◦C for 15 h vary over the temperature range (303 K to 423 K).
However, the sample prepared at 200 ◦C showed that the S value increases as the mea-
surement temperature increases. In the mid-temperature range (363 K), the compounds
demonstrated p-type conductivity with increasing solvothermal processing temperature.
Throughout the entire temperature range (303–423 K), the compounds primarily functioned
as p-type semiconductors, suggesting that holes serve as the dominant charge carriers,
thus enabling current conduction. When the reaction time increases to 17 h (Figure 10b),
we observe that the compounds synthesized at 165 and 180 ◦C mostly behave as p-type
semiconductors in the mid-temperature region (363 K), while the materials produced at
200 ◦C behave as n-type. An evident trend is observed across the entire temperature range
for the compounds produced at 180 ◦C, although it is evident that both n-type and p-type
semiconductors are generated below and after the mid-temperature region, respectively. It
is noteworthy that the compounds obtained after 17 h of reaction time at 200 ◦C, showed
predominantly negative Seebeck coefficients and, consequently, are n-type semiconductors,
which greatly influence the ZT value.

At 19 h of reaction time, n-type semiconductors are scarce observed in the whole
temperature region as the solvothermal processing temperature increases, as shown in
Figure 10c. The Seebeck coefficient decreased from 437 to −97 µVK−1 (423 K) as the process-
ing temperature increased from 165 ◦C to 180 ◦C, respectively. It is important to highlight
a dependence of the Seebeck coefficient with both the reaction time and temperature, in-
fluencing the thermoelectric performance. This is particularly interesting because of the
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relationship between the Seebeck coefficient and ZT. The highest figure-of-merit value could
be driven by p-type semiconductors, as evidenced by the Seebeck values obtained over the
studied temperature range. Moreover, these compounds exhibited predominantly positive
Seebeck coefficients, indicating a p-type thermoelectric performance potentially associated
with their structural composition. In this work, we found that p-type semiconductors are
responsible for the tetrahedrite-enhanced TE performance. Lee et al. reported on the p-type
thermoelectric properties of famatinite Cu3SbS4 prepared via mechanical alloying, and
they found that both the electrical and thermal conductivity decrease while the Seebeck
coefficients increase and ranged from 412 to 670 µVK−1 at 323 K and from 482 to 585 µVK−1

at 573 K [43]. Goto et al. prepared famatinite, and they reported a Seebeck coefficient of
564 µVK−1 at room temperature [44]. On the other hand, Cheng et al. fabricated n-type Mg
alloys, and they reported a Seebeck coefficient from −110 to −320 µVK−1, measured in the
temperature range of 300–675 K [45].

Famatinite is considered a p-type thermoelectric material which is associated with
a positive Seebeck coefficient. According to our Raman and XRD results, the famatinite
phase is presented in the Cu-rich compounds produced at 15 and 17 h. The secondary
phases could contribute to the significant differences in the Seebeck coefficient values. The
variation in the Seebeck values indicates that a p-type or n-type semiconductor has been
produced, which has a significant impact in the thermoelectric performance. According
to the Seebeck value, a p-type semiconductor was produced at 165 ◦C. As temperature
increases, the Seebeck value seems to randomly influence the thermoelectric performance.
The highest values of Seebeck coefficient were yielded for tetrahedrites produced at 180 ◦C
for 17 h.

3.4.4. Temperature Dependence of Figure of Merit, ZT

Figure 11a depicts the ZT measurements of the compounds obtained at 15 h. The
materials produced at the lower processing temperature (165 ◦C) displayed ZT values close
to zero over almost the whole measurement temperature range. Increasing the processing
temperature to 180 ◦C also increased the ZT (0.31 at 423 K), while the compounds prepared
at 200 ◦C showed a ZT value of 0.24 at 423 K. The samples synthesized for 17 h yielded
significantly different ZT values compared to those obtained after 15 h. Figure 11b shows
that while the ZT values for Cu-rich tetrahedrites produced at 165 ◦C and 200 ◦C were close
to zero for the whole temperature range analyzed, in the mid-temperature range (363 K),
the ZT values slightly increased for the compounds produced at 180 ◦C (0.36 at 423 K). As
previously stated in this paper, higher processing temperatures have a significant impact on
the fabrication of tetrahedrites and, consequently, on the performance of thermoelectricity.
It is worth considering the effect of reaction time, which contributes to the formation of
secondary phases that negatively influence the TE properties of the tetrahedrites. ZT values
for the compounds prepared over 19 h were measured, and we found that the ZT value
increases at lower processing temperatures (165 ◦C). In contrast, it was observed that the
ZT values show small variations above 363 K for synthesis temperatures of 200 ◦C. The ZT
value increases to 0.46 (423 K) for compounds synthesized at 180 ◦C. The study of Barbier
et al. details the production of tetrahedrites and nickel-substituted tetrahedrites to improve
TE performance. From their results, it was demonstrated that Ni-doped tetrahedrites
achieved a ZT of 0.8 at 700 K due to the combined effects of power factor and thermal
conductivity. Different ZT values were observed for samples with similar chemical com-
positions and comparable preparation methods. Pure tetrahedrites and those doped with
Ni, Co, Cr, and Ni have yielded ZT values ranging from 0.6 to 1.2, evaluated at different
temperatures, including 600–700 K [46]. However, the highest ZT value obtained in this
study significantly increases (after 19 h at 180 ◦C) in comparison to the values previously
reported. A minority of charge carriers, in this case, electrons, are in place at 423 K in the
tetrahedrites (180 ◦C).

The figure of merit measures the TE efficiency and is a very important factor in the
conversion of heat to electricity. A high figure of merit is associated with good thermo-



Crystals 2024, 14, 888 19 of 23

electric materials. From our experiments, we report that the figure of merit of the p-type
tetrahedrites is close to 0.5. The preparation method, structural characteristics, and ther-
moelectric properties of the materials are crucial for a good thermoelectric performance.
The processing conditions allow the development of TE properties in materials such as
copper-based materials, as they behave as PGEC materials. The TE properties of the ma-
terials are determined by several factors, which together optimize the TE efficiency. This
opens up new possibilities for the development of high-efficiency TE materials synthesized
at low temperatures and reaction times that can help diminish the environmental cost of
producing materials for sustainability applications.

3.4.5. Temperature Dependence of Power Factor

The power factor integrates the Seebeck coefficient into the figure of merit. To improve
it, it is essential to reduce the thermal conductivity more than the electrical conductivity
in the internal interfaces of nanostructures, based on the differences in their respective
scattering lengths. The impact of quantum effects on nanostructures has a significant
influence on the power factor of the material. Through quantum confinement, the electronic
mobility is improved, leading to high electrical conductivity. The PF., which is typically
difficult to achieve in bulk materials, can be improved by employing nanoscale materials.
An ideal TE material needs to be able to combine low thermal conductivity with a high
power factor. Figure 12a shows the PF. Values of the compounds prepared at 15 h. We
found that tetrahedrites prepared at lower temperatures (165 and 180 ◦C) resulted in the
lowest values and, consequently, the poorest TE performance when analyzed over the
temperature range (303 K–423 K). By increasing the processing temperature to 200 ◦C,
tetrahedrites yielded the highest PF value. This agree with the improved TE values, such
as the ZT and Seebeck coefficient.
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The PF values achieved by the compounds prepared at 17 h (165 180, and 200 ◦C)
are shown in Figure 12b. There is a significant increase in PF in the mid-temperature
range (363 K) and then a decrease. Over the temperature range tested (303 K–423 K),
most of the PF values remain close to zero. This agrees with the thermal analysis of the
samples which were prepared in these conditions. In Figure 12c, the PF values obtained
for the tetrahedrites prepared at 19 h are shown. It was observed that this value increases
in the mid-temperature region of the analysis (333 K) for those compounds prepared at
200 ◦C, while for lower processing temperatures (165 and 180 ◦C), the PF values were
lower. It is important to mention that the reaction time has no significant effect on the
TE properties of the tetrahedrites, while increasing the processing temperature leads to
improved TE performance.

4. Discussion

The thermoelectric mechanism of tetrahedrites can be studied to understand the ef-
fect of reducing the thermal conductivity upon increasing the ZT value. The significant
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increase in figure of merit and reduction in thermal conductivity are the main contributors
to the improved TE properties of the tetrahedrites. The thermoelectric performance of
tetrahedrites is directly influenced by the crystalline structure, composition, and synthesis
method. Cu-rich tetrahedrites exhibit enhanced Seebeck coefficient values and low ther-
mal conductivity, resulting in an improved ZT value. It has been demonstrated that the
solvothermal method is advantageous for the fabrication of tetrahedrites with suitable
thermoelectric properties. The influence of solvent is crucial for forming the Cu-rich tetra-
hedrite phase, since the. solvent provides a medium for the reaction to take place at low
temperatures. Ethanol, however, is a polar solvent that can dissolve the precursors. Due to
its low viscosity, it facilitates better mixing of the reactants, promoting uniform nucleation
and growth of the tetrahedrites. The appropriate selection of the solvent medium is crucial
for the morphology and phase of the products. It is possible to successfully control the
reaction process by choosing the appropriate reaction media, as well as the reaction temper-
ature. There are important factors that influence the phase purity of the products, which
have important implications for the solvothermal method. These factors may provide a
general route for the selective preparation of other semiconducting sulfide nanocrystallites.
Due to the nanostructuring and grain boundaries that contribute to the improvement of
thermoelectric performance, the solvothermal method is suitable to produce materials with
low thermal conductivity. In the future, it will be essential to develop innovative materials
that focus on environmentally friendly manufacturing with potential applications in ther-
moelectric materials research. The influence of the solvent, reaction time, and temperature
plays a crucial role in achieving a cubic-phase tetrahedrite with a good thermoelectric
performance. Furthermore, it is responsible for electronic structure, charge carrier density,
mobility, and thermal conductivity properties. As previously discussed in this article, the
rattling phenomenon in the crystal lattice is primarily attributable to the crystal structure
of tetrahedrites. This allows copper ions to move in defined boxes, disrupting phonon
propagation, resulting in a decrease in thermal conductivity, which in turn could explain
the thermal properties of the Cu-rich tetrahedrites reported. The PF values yielded in this
investigation are in good agreement with those values reported in other studies. Yan et al.
reported average PF values of representative polycrystalline TE materials within their
measured temperature ranges [47]. Yan et al. also reported a maximum ZT of 1.1 for
tetrahedrites when the electrical and thermal transports were properly balanced, with a
PF of 1.2 mWm−1K−2 at 723 K [48]. Mn-doped tetrahedrites exhibited a high ZT of 1.1 at
a power factor of 0.5 mWm−1K−2 at 573 K [49]. Wet chemically synthesized Zn-doped
tetrahedrites have demonstrated a high ZT of 1.1 with a limited PF value of less than
0.5 mWm−1K−2, making them far from fit for practical use. To achieve an improved TE
performance, it is therefore necessary to reduce thermal conductivity and to increase the
PF, which is responsible for the ZT value at high temperatures [47]. ZT combines the
Seebeck coefficient, electrical conductivity, and thermal conductivity, (ZT = S2σT

k ), and
these parameters are generally responsible for the thermoelectric efficiency. A high PF
and a low thermal conductivity are required for achieving a high ZT, according to the
formula. Although the power factor ( P. F. = S2σ

)
is a significant contributing factor to ZT,

it is not the only factor. If the thermal conductivity of a material is high, it can possess a
high PF while still exhibiting a low ZT. Therefore, understanding ZT allows us to identify
and optimize the interaction between the parameters to improve the overall thermoelectric
performance. By focusing on ZT, we can find materials with a high power factor and good
thermal properties. For instance, materials such as Cu-rich tetrahedrites have been reported
to have good ZT values, indicating their potential for practical applications. It is important
to consider the role of ZT in a comprehensive evaluation of the efficiency of thermoelectric
materials, not only the power factor value. This will facilitate the optimization of their
performance for future practical applications. From our results, we see that tetrahedrite
synthesized at 180 ◦C for 19 h resulted in an improved ZT of 0.46 and a thermal conductivity
of 0.2 Wm−1 K−1 (423 K). The unwanted contribution of thermal conductivity also reduces
the Seebeck coefficient, thus limiting the ZT values at higher temperatures. This results in a
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detrimental effect on the TE performance, possibly related to the reduction in Sb5+ species.
Increasing the processing temperature to 165 ◦C leads to a decrease in the Sb3+/Sb5+ ratio
and an increase in the Cu+/Cu2+ ratio due to the transformation of the secondary phases
into the tetrahedrite phase. From the XPS results, the maximum amount of Sb5+ species is
detected in samples synthesized for 19 h at 165 ◦C, while the minimum amount is observed
in the samples produced for 15 h at 200 ◦C. The results show agreement with the Seebeck
coefficient, figure of merit, and power factor values. This assumption seems reasonable
since the power factor is related to the Seebeck coefficient. We can therefore conclude that
the antimony species are responsible for promoting valuable thermoelectric performance.

5. Conclusions

In summary, we describe the production of copper-based materials via the solvother-
mal method. This investigation demonstrated that structural changes occur at moderately
low temperatures (165 ◦C) and that increasing the temperature to 200 ◦C yields a purer
phase of tetrahedrites. Maximum ZT values of 0.46 can be achieved at 423 K for tetra-
hedrites synthesized at 19 h (180 ◦C). The results demonstrated that both the processing
time and temperature are crucial in controlling the phase and morphology of the final
products. Both p-type and n-type semiconductors were produced by varying both the
reaction time and temperature; nevertheless, the modular values of the Seebeck coefficient
are considerably higher for the p-type samples in comparison to the n-type ones. The
solvothermal method can be employed to fabricate ternary semiconductors with a high
thermoelectric performance.
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rameter; Figure S5: Sb3+/Sb5+ ratio of the compounds prepared at different solvothermal conditions;
Figure S6: cell parameters of the compounds prepared with different processing conditions, such as
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