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Abstract: Cup_,S and Cup_,Se (0 < x < 0.2) alloys stand out as highly promising materials for
thermoelectric applications, owing to the phonon-liquid electron—crystal (PLEC) convention. In
this study, we undertake a comprehensive investigation to reassess the synthesis conditions, with
a focus on achieving pure-phased systems through a direct reaction between elements at elevated
temperatures. Simultaneously, we present experimental evidence showcasing the feasibility of
doping these systems with Ag, Ni, and Zn. The study demonstrates that obtaining single-phased
systems requires multi-step processes, and the dissolution of chosen impurities appears doubtful,
as evidenced by numerous foreign phase segregations. Additionally, it is revealed that the partial
dissolution of individual impurities deteriorates the operational parameters of these chalcogenides.
For the optimal Cuj 97S composition, it reduces the thermoelectric figure-of-merit ZT from 1.5 to
approximately 1.0, 0.65, and 0.85 for Ag-, Ni-, and Zn-doped systems, respectively, while marginally
improving their stability. For metal-like Cuj gSe, the ZT parameter remains at a low level, ranging
between 0.09 and 0.15, showing slight destabilization during subsequent operating cycles. The article
concludes with an in-depth analysis of the basic thermoelectric performance exhibited by these doped
systems, contributing valuable insights into the potential enhancements and applications of Cuy_,S
and Cujp_,Se alloys in the field of thermoelectric materials.

Keywords: copper chalcogenides; transition-metal dopants; thermoelectric properties

1. Introduction

Copper(I) chalcogenides (CuyCh) are among the promising mid- to high-temperature
thermoelectric materials (TE) [1,2]. Phase diagrams of these compounds indicate a multi-
tude of possible structures depending on the stoichiometry in individual sublattices and the
available synthesis conditions [3-7]. According to the comprehensive study by Havlik [8],
near the stoichiometry of Cu,S, the most common room-temperature (RT) system is the so-
called low-chalcocite characterized by a monoclinic structure. With slight deviations from
stoichiometry, particularly in the Cu sublattice, an orthorhombic phase also occurs, exhibit-
ing significantly better thermoelectric parameters [9], along with metastable tetrahedral and
hexagonal phases. At higher temperatures, the low-symmetry variants of Cu,S transition
into the hexagonal and finally into the cubic phase. Similarly, in the case of copper(I)
selenide, low-symmetry variations dominate at RT, transitioning into the 3-phase—cubic
form at higher temperatures [6,10-12]. Numerous documented examples also demonstrate
the possibility of stabilizing this regular phase at RT [6,13-15]. The cubic forms of copper
chalcogenides are particularly significant from the perspective of thermoelectric properties.
In these structures, the large and relatively immobile chalcogen atoms create a crystalline
pathway for charge carriers, simultaneously serving as scattering points for lattice phonons.
On the other hand, the highly mobile copper ions exhibit liquid-like properties, facilitating
rapid jumps between equivalent sites, providing an additional mechanism for phonon
scattering, and ensuring a high ionic component of electrical conductivity [1,2,16-21]. In
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the case of selenides, a high degree of structural disorder is also observed, contributing to a
reduction in the lattice component of thermal conductivity [22]. In summary, the unique
properties of these materials align with the concept of phonon-liquid electron—crystal
(PLEC) conception, surpassing many other materials in terms of achieved thermoelectric
figure-of-merit ZT parameter at the level of 1.9-2.1 at 1000 K [9,16]. Unfortunately, the
temperature gradient, potential difference, and varying temperature conditions—natural
working conditions for thermoelectric materials—result in the direct migration of copper
ions. This leads to their accumulation on one side of the material, subsequently causing
phase decomposition and deteriorating both mechanical and thermoelectric properties.
This situation is exacerbated by the natural tendency to create vacancies in the Cu sublat-
tice, which, in addition to the mentioned low stability, translates into the inherent affinity
of these materials to function as p-type conductors. This poses difficulties in obtaining
copper chalcogenides characterized by n-type conductivity [1,7,23-25]. Recently, various
approaches have been suggested to improve the stability of CuyCh-based compounds,
encompassing the integration of nanoinclusions, doping procedures, the creation of multi-
phase systems, precise control of stoichiometry/crystal structure, and the application of
temperature and vacuum treatment, either independently or in combination [26-35]. For
instance, an exceptionally effective approach involved deliberately introducing foreign
phases such as BiCuSeO, graphene, or carbon nanotubes into Cu,Se, enabling the produc-
tion of highly efficient materials with a ZT level of 2.0 [33-35]. All these methods aim to
limit the formation of Cu vacancies and restrict the migration of Cu ions to local regions
(e.g., within grains, but not across the entire material) by introducing suitable diffusion
barriers in the form of foreign phases/inclusions. Especially relevant in this case appears
to be the imposition of initial non-stoichiometry on the copper sublattice [9,36] or doping
process [37,38], which may lead not only to better thermoelectric parameters but also to
their increased durability.

This study focuses on the doping processes of Cu,_,Ch systems using Ag, Ni, and
Zn. These elements are naturally occurring contaminants in copper ores exhibiting similar
chemical properties. Consequently, they can be considered as both potential dopants and
components of solid solution mixtures. The differences in size (especially in the case of
silver) and the number of valence electrons can also lead to desired limitations of the exces-
sive copper ion migration or result in electron-type conductivity, particularly in the case
of Zn-doped systems. The available literature data for sulfides are severely limited in this
regard, especially considering the approach of synthesizing such materials through classical
reactions between elements under vacuum conditions. However, the literature does pro-
vide a few instances of Ag-doped Cu;,_,S obtained through hydrothermal techniques [38].
In this scenario, even a relatively small addition of silver results in the formation of ternary
compounds, such as CuAgS and copper(I) sulfide, with a deficiency in the Cu sublattice
(e.g., Cuy.94S) particularly noticeable after sintering. This implies the breakdown of the
doped system or a reversible process of impurity dissolution at higher temperatures and
resegregation at RT (similar to an Fe-doped system [39]). Examples of incorporating Ni
or Zn as dopants into Cu,_,S, with Ni/Zn substituting copper in a 1:1 ratio, are rarely
documented in the literature. In cases where such examples exist, the procedures for obtain-
ing them usually necessitate additional factors, such as pressure [40]. When Ni or Zn are
mentioned as dopants, they usually exist in systems with a deficiency in the Cu sublattice,
as seen in Ni-doped Cuj 95 [36]. Conversely, numerous instances showcase systems where
Ni or Zn coexist with Cu in ternary and quaternary chalcogenides, which aligns with the
inclination to form relatively stable multi-cationic phases with distinct structures rather
than doped Cuy_,Ch [41,42]. Selenides appear to be much more susceptible to doping with
these elements, especially in the case of Ag-doped systems. Similar to sulfides, even a doped
system typically coexists with other phases, and literature reports on restricting copper ion
migration through silver remain contradictory [1,25,31,43—48]. Ni and Zn also appear to
be documented as dopants for Cu,Se; however, the available literature base in this case
is quite limited [13,14]. The paper provides a reassessment of the synthesis conditions’
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impact on the feasibility of obtaining single-phased copper(I) sulfides and selenides. It
also reevaluates the potential for doping these systems with Ag, Ni, and Zn. The analysis
of structural parameters is consistently correlated with selected transport properties and
stability issues, ensured through a series of cyclic measurements. The article concludes
with an in-depth analysis of the basic thermoelectric performance exhibited by these doped
systems, contributing a valuable insight into the potential enhancements and applications
of Cuy_,S and Cuy_,Se alloys in the field of thermoelectric materials. Simultaneously, it
provides a discussion in conjunction with the available literature on the subject.

2. Materials and Methods

The materials were obtained through high-temperature reaction between elements
involving partial participation of the liquid phase, using 99.99% purity ingredients (Alfa
Aesar) in the forms of powder (Cu, Ag, Ni, and Zn), shots (Se), and pieces (S). Appropriate
amounts of each element were double-sealed in quartz tubes in vacuum conditions (10% Pa)
and subjected to literature-based temperature treatment [9,13,49-53]. Initially, the materials
were heated to 1273 K (selenides/sulfides) and 1073 K (sulfides) with a rate of 2 Kmin~!
and subsequently annealed for 120 h, followed by quenching (immersion in tap water)
or cooling to RT (5 Kmin~!), maintaining relatively simple synthesis procedure. After a
comprehensive structural analysis of the as-synthesized materials, selected compositions
were ground in a mortar grinder (Retsch RM200) for 10 min and subjected to consolidation
using Spark Plasma Sintering (SPS) technique, employing the following conditions: final
temperature 773 K (100 Kmin~!), pressure 50-10~° Pa, and Ar atmosphere.

The phase composition of the samples was examined via X-ray diffraction studies
(XRD, PANanalytical Empyrean, Malvern Pananalytical Ltd., England, UK, CuK« radia-
tion) and X'Pert HighScore (version 3.0d) software. Scanning electron microscopy (SEM)
combined with energy-dispersive X-ray spectroscopy (EDX) was implemented to examine
the microstructure and homogeneity of the samples (Thermo Scientific Fisher Phenom XL
scanning electron microscope with EDX analyzer, ThermoFisher Scientific Inc., Carlsbad,
CA, USA) in the forms of ingots/powders and sintered pellets. The thermal diffusivity (k)
of the materials was determined using the laser flash analysis method (LFA, NETZSCH LFA
427 analyzer, Netzsch, GER). By combining k, specific heat C;, (determined from differential
scanning calorimetry (DSC) measurements, NETZSCH STA 449 F3), and density p of the
samples (determined based on hydrostatic Archimedes method, Table S1), the thermal
conductivity (A) of the materials was estimated (1). The thermal properties were assessed
for sintered pellets with a thickness of 2-3 mm and a diameter of 10 mm.

A= K'Cp‘p/ (1)

The total electrical conductivity (o) and Seebeck coefficient (x) of the sintered materials
were assessed using custom-made equipment employing the DC four-point method and
Keysight electronic components. The samples for electrical measurements were examined
in the form of cuboids with a square base (approximately 3 mm x 3 mm) and a length of
about 6-8 mm. Such samples were cut from sintered pellets with a diameter of 15 mm and
a density analogous to those used in thermal studies (Table S1). Resistance measurements
were carried out with variable current polarization to eliminate the Seebeck voltage. Each
measurement point represents the average of 3 separate measurements, with each indi-
vidual measurement recording the resistance in both directions. The Seebeck coefficient
was recorded with a temperature gradient of 3 K between the hot and cold sides of the
sample. The measurements were conducted within a temperature range of 303-916 K, with
a temperature increment of 10° and under an Ar atmosphere. Prior to each measurement,
the temperature was stabilized for 35 min. Based on these measurements (x and o) and
incorporating the thermal conductivity, the thermoelectric figure of merit parameter, ZT,
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was calculated—Equation (2). Additionally, the power factor (PF) was determined and
presented in the Supplementary Materials Section (Figures S7 and S8).

o2-0-T

7T = N ()

3. Results and Discussion
3.1. Structural Investigation—The Influence of Synthesis Conditions on Copper(I) Chalcogenide
Phase Composition

Due to the reversible mechanism of the Cu,_,S phase transition that occurs during
operating conditions, the synthesis procedure was limited to a single heating-cooling cycle.
Both stoichiometric CuyS and copper sublattice non-stoichiometric Cuj 97S systems were
considered, with Cuy 975 showing superior performance [9]. Based on the XRD measure-
ments (Figure 1a), it is demonstrated that Cuj 97S predominantly consists of the desired
djurleite phase characterized by orthorhombic structure, accompanied by a low content
of low-chalcocite with a monoclinic structure, as evidenced by reflections at around 23.8,
28.2, and 37.5 as well as broadened reflections around 37.6 and 40.8 20. The coexistence
of these two phases appears inevitable, particularly as their presence can be noticed after
successive temperature cycles for all doped systems (see next sections) and the inability
to distinguish them based on the microstructure observation (Figure S2). By decreasing
the initial temperature synthesis to 1073 K, the main orthorhombic Cu; 7S phase is ac-
companied by a metastable, tetragonal phase (Figure 1a). Stoichiometric Cu,S, in turn,
indicates a pure-phased low-chalcocite structure regardless of the first step’s annealing
temperature (Figure 1b). Therefore, it seems that the current literature reports on the
occurrence of low-temperature phases of Cuy_,S alloys after temperature treatment remain
valid [5,9,53]. Due to the better TE properties of Cuy 975, this material was chosen for
doping with selected metals.
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Figure 1. XRD diffraction patterns of copper(I) sulfides obtained by high-temperature reaction
between elements and slow-cooled to RT from 1273 K or 1073 K: (a) Cuq.9;S, (b) CusS.
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The situation is different with Cu,_,Se (Figure 2). Literature suggests that it is possible
to obtain a single-phased cubic structure and stabilize it at low temperatures by using
hydrothermal techniques or through the quenching process [11,13]. However, in our work,
the stoichiometric copper(l) selenide consistently appears as a mixture of two cubic phases
(with nominal compositions of Cuj gSe and Cu;Se, respectively), regardless of whether the
system underwent quenching or slow-cooling processes. For this reason, we investigated
whether the deliberate induction of strong non-stoichiometry on the Cu sublattice, i.e.,
Cuj gSe, leads to achieving a pure-phased material. It has been found that by applying a
slow-cooling approach, indeed, a single-phase material characterized by a cubic structure
can be obtained, while the quenching process leads to achieving a mixture of cubic Cu; gSe
with precipitation of a metastable, tetragonal phase. Therefore, it can be concluded that
employing the simplest synthesis routes leads to the most homogeneous systems, while
rapid temperature change associated with quenching seems to disrupt the homogeneity of
the selenide, only partially freezing the desired cubic Cu,_,Se phase. This is particularly
important due to the cyclic nature of the operational conditions of TE materials (heating-
cooling), which is often overlooked by many authors, neglecting to address the material’s
properties after subsequent cycles. Given the well-studied properties of doped Cu,Se
characterized by cubic structure [13,14,43,54], this study focuses on doping the single-phase
Cuy gSe system.

O) ¢ Cu, zSe (ICDD 01-071-0044) b) «Cu,Se tetragonal (ICDD 00-029-0575)
A SiO, (ICDD 01-077-1317)
o
| . - J
2 A 2 j
S U 35, | - L ﬂfl
> . Quench > Quench
£ =
[ C
2 L
£ <
*
- . IS m J
Slow-cool Slow-cool
] [ I | | | [
Cu,Se (ICDD 00-029-0575) Cu, zSe (ICDD 98-015-0759)
T T T T T T T T T T T T T T
20 30 40 50 60 20 30 40 50 60

20 [°] 20 [°]

Figure 2. XRD diffraction patterns of copper(I) selenides obtained by high-temperature reaction
between elements and slow-cooled or quenched to RT: (a) Cu;Se, (b) C; gSe.

After sintering, the copper(I) sulfide, Cuj 97S, completely transitioned into a monoclinic
structure with significantly shifted respective reflections toward lower counts (Figure 3a),
suggesting enlarged lattice parameters caused, most probably, by non-stoichiometry on the
cationic sublattice (Table S2). It is also found that the (420) and (204) lattice facets are clearly
dominant in this sample, as indicated by the enormous integral intensities of the reflections
at about 32.5 and 35 20. It is difficult to interpret this result, as most available literature
data do not present XRD patterns of materials before and after sintering. However, this
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is doubly intriguing considering that the coexistence of two monoclinic phases differing
by structure (chalcocite and djurleite) is present in both powders and sintered pellets
of doped compounds (see next chapter). Sintering has no effect on the composition of
non-stoichiometric Cuy gSe (Figure 3b).
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Figure 3. Rietveld analysis of sintered pellets: (a) Cuj 9;S; (b) Cuy gSe.

3.2. Structural Investigation—The Influence of Chosen Dopants on Phase Composition of Cuy_,Ch

The effect of dopants on phase composition and chemical homogeneity of Cuy 97— MyS
and Cuy g_yMySe were assessed again by XRD studies coupled with microstructure ob-
servations (Figures S1-54). The diffractograms of the sulfides after SPS sintering differed
markedly from those obtained before the condensation process (Figure 4). For Cuy 96 Ago.015
and Cuy 9¢Nip 1S, the dominant phase is chalcocite characterized by a monoclinic structure,
with the addition of a second, monoclinic Cuz;S;¢ (djurleite). The presence of these two
phases, once again, suggests the formation of a solid solution with similar symmetry but
differing in lattice parameters. However, it remains an open question whether one of these
phases is rich in dopants affecting the lattice size or the effect of a non-uniform temperature
gradient during annealing. As-synthesized materials do not exhibit inclusions of other
phases, indicating that the dopants may undergo partial dissolution during the synthesis
procedure. However, the SPS consolidation leads to the disappearance of some reflections
and changes in the integral intensities of other ones, suggesting an increased contribution
of the chalcocite phase, accompanied by the disappearance of the djurleite phase. At the
same time, precipitations of foreign phases rich in Ag and Ni appear, whose presence is
further confirmed by SEM+EDX analysis (Figures S1 and 52). Only Cuj 9¢Zng 1S shows the
characteristics of a single-phase material (with a preserved tendency toward an increased
contribution of the orthorhombic phase after SPS), suggesting that Zn doping is the only
one that at least partially incorporates into the copper(I) sulfide structure during the prepa-
ration process. Notably, a single reflection that should be attributed to the residual presence
of metastable tetragonal Cuy 945 is also observed in the Zn-doped sulfide diffractogram.
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Figure 4. The comparison of powder and sintered pellet XRD diffraction patterns of Cuj 9sM 1S
(M = Ag, Ni, Zn).

Surprisingly, in the case of selenides, doped materials after synthesis indicate the
presence of a cubic Cuj gSe phase with the additional presence of a residual tetragonal
phase with a nominal formula CusSe; (Figure 5). Taking into account the positions of
the main reflections from this residual phase, which follow the sizes of individual ions
(Ag > Zn > Ni), it can be presumed that this phase is rich in impurities. At the same time,
the absence of foreign phases associated with dopant metals can be observed, indicating at
least partial dissolution of these dopants in the selenide structure. The same observation
can be made on the basis of microstructure observations, where only rare Ag-rich areas
can be noticed (Figure S3). The presence of the tetragonal phase diminishes during con-
solidation processes, confirming phase homogenization during sintering, simultaneously
shifting the reflections related to cubic Cu;j gSe noticeably toward lower angles. These
shifts can be attributed to several phenomena, starting from the relaxation of the materials
during sintering processes to successful doping processes resulting in increased unit cell
parameters. Since the potential incorporation of Ni and Zn into 3-Cu,Se does not indicate
such strong shifts in reflections, especially for Ni doping, which should affect the shifting
of analogous reflections toward higher angles [13], another explanation suggests itself. The
dopants dissolve in the tetragonal phase, and during the sintering process, they undergo
segregation, leading to the homogenization of the main phase into pure-phase Cuj gSe.
Despite the apparent phase homogeneity, processes of segregation of dopant-rich phases
can be seen on SEM images. This is particularly evident for the Cu; 79Agg 01Se pellet, where
the diffraction pattern indicates the presence of Ag,Se, also visible in the SEM images
(Figure S4). Once again, the only admixture that probably successfully incorporates into
the Cuj gSe structure is Zn.
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Figure 5. The comparison of powder and sintered pellet XRD diffraction patterns of Cuj 79Mg 1Se

(M = Ag, Ni, Zn).

3.3. Transport Properties of Undoped and Doped Cuy_,Ch Systems

The selected materials for further investigation, both undoped (Cuj 975 and Cu; gSe)
and doped, were subjected to transport studies. The thermal conductivity A of the non-
stoichiometric sulfide (Figure 6a) oscillates around 0.45 Wm~!K~! at RT and remains
relatively constant at approximately 0.4-0.5 Wm~1K~! across the entire range of analyzed
temperatures. Two distinct peaks at temperatures around 350 and 530 K correspond to
phase transitions occurring in this system. Both the total thermal conductivity value and the
significant contribution of the lattice component (Figure S5) are comparable to the lowest
values found in the literature for Cuy 975 or CuyS [9,53]. The presence of dopants, whether
partially dissolved or as copper sulfide with metallic precipitation or the presence of foreign
phases rather unfavorably affects the thermal properties of this material. The addition of
silver as a dopant, as long as it occurs without the presence of foreign phases, increases the
electronic component of conductivity but slightly reduces thermal conductivity due to the
additional phonon scattering centers. The coexistence of the doped system with a ternary
chalcogenide further enhances the electronic component and increases the total thermal
conductivity [38]. We obtained a similar effect, recording the total thermal conductivity in
the range of 0.6-0.7 Wm~'K~!, which, however, remains a better result than the Ag-doped
one presented by Yue et al. [38]. The addition of Ni dopant almost doubles the total thermal
conductivity value compared to the undoped material, primarily due to a significantly
increased contribution of the lattice component. This result contradicts the findings of Shen
et al. [36], who observed a decrease in both the lattice component and the total thermal
conductivity for Ni-doped Cu; ¢S. However, in the cited study, this effect was associated
with the presence of nanopores that appeared in the system upon the addition of nickel,
which is not observed in our work. Therefore, the presence of inclusions seems to be crucial
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here. Additionally, an intriguingly strong thermal effect was observed at around 470 K. This
behavior is highly unusual, as a significant decrease in both thermal diffusivity and specific
heat were recorded, which were measured independently. While the potential oxidation
of Ni-rich precipitations into nickel oxides, as observed in SEM images (Figure S4), is a
consideration, it fails to account for the observed rise in thermal conductivity at elevated
temperatures. This phenomenon demands further comprehensive exploration and remains
largely unresolved within the scope of this study. For the Zn dopant, an almost threefold
increase in thermal conductivity is observed, which is associated with both an increase in
the electronic and lattice components and should be attributed to at least partial dissolution
of this dopant in the structure. Thus, the formation of doped sulfide or heterostructures in
this system significantly unfavorably affects the thermal properties of copper sulfide.

The thermal conductivity of copper(l) selenide characterized by the Cu; gSe formula
recorded in this study exhibits very high values at around 8 Wm~!K~! at RT and decreases
with temperature to approximately 4.5 Wm~!K~! at 450 K (Figure 6b). This result indicates
the material’s highly metallic properties with a very high electronic component, reaching a
value around 4-5 Wm ™K~ across the entire temperature range (Figure S6). This result is
significantly higher than those recorded for stoichiometric Cu,Se at around 2 Wm 'K ~1 [22]
or even Cu; gSe obtained via mechanical alloying, where conductivity around 5 Wm~1K!
was reported [55]. This finding is remarkable, considering the relatively low density of
the obtained materials (Table S1). The higher thermal conductivity, in this case, is due to
the relatively low degree of disorder resulting from copper sublattice deficiency, which
leads to reduced lattice components in stoichiometric material [12], relatively large grains
compared to those obtained by Ji et al. via mechanical alloying [55], and the aforementioned
highly metallic character of the sample. Also, in this case, the presence of dopants does
not positively affect the thermal parameters of the material (Figure 6b), which is especially
surprising for silver dopants, as according to the literature, both Ag doping and the
presence of foreign Ag-rich phases should significantly reduce the lattice component of
A [37]. Meanwhile, the only dopant that significantly affects the reduction of the lattice
component and total A (particularly in high-temperature regions) is zinc, confirming our
earlier statements that it is probably the only dopant that incorporates into the structure of
this material providing additional centers for lattice phonons scattering. Furthermore, this
material also exhibits a reduction in the A, which is confirmed by studies on zinc doping of
the stoichiometric system [13,14,54]. Slightly reduced A. and total A were also expected for
nickel doping [13]. However, we obtained opposite results, probably due to the presence of
metallic precipitations. Thus, similar to the case of copper(I) sulfide, the systems containing
segregation of foreign phases unfavorably affect the thermal parameters of copper selenide.

(G)] 4 & CuU) 94AQ001S (b)9_ = Cu, 5A0p01Se
7 @ Cu, 9Nig 1S [} @ Cu 44Nip g Se
A CuyglngoS 8 * A—Cu zIngmSe
1.2 v Cu,y,S v—Cu, gSe
A v =
- A °
A 2= N | °
104 X Aa A oAy B -
- . A o & o o |~ A LN %
€ N Wby . € 61 X - N\ Z
3.08- z .
= . ] <54 -t '
N . . :— - g
06d w i\ #/a" (I | : e :
[ I 4 A,
v § A
A
v v
0.4 vy i 3l
T T T T T T T T T T T T T
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Figure 6. Thermal conductivity of undoped and doped copper chalcogenides as a function of
temperature: Cuy 975 (a); Cuy gSe (b).
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Electrical measurements, including electrical conductivity o and Seebeck coefficient «,
were conducted in a cyclic mode to demonstrate the stability or potential relaxation pro-
cesses of these materials under operating conditions (Figures 7-10). The Seebeck coefficient
of undoped Cuy 975 is around 100 pVK~! at RT and increases to approximately 300 pVK !
at 900 K, exhibiting two anomalies consistent with phase transitions and characteristic
behavior for degenerate p-type semiconductors (Figure 7). These values are slightly lower
than those of stoichiometric Cu,S and similar to those obtained in other studies on this
material [9,53]. The stability of this material in successive measurement cycles also appears
to be good, as indicated by minor deviations in individual measurements as a function of
temperature and cycles. The introduction of Ag, Ni, and Zn induces marginal changes in
this parameter, both in terms of achieved values and repeatability (Figure 7). The addition
of silver slightly increases «, presumably due to a decrease in charge carrier mobility (af-
fected by Ag dopant/Ag-rich phases and increased structure disordering), which, however,
was not observed in the work of Yue et al. [38]. An even smaller increase in achieved
Seebeck coefficient values is observed for nickel doping. Both of these effects are difficult
to classify due to the presence of foreign phases but suggestively are related to a decrease
in charge carrier concentration. On the other hand, the presence of metallic segregation or
partial dissolution of zinc in copper sulfide leads to a decrease in the observed values of «,
presumably due to the opposite effect, namely an increase in charge carrier concentration.
A strong effect associated with a phase transition in the temperature range of 400-550 K is
not observed in the Seebeck coefficient curves.
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Figure 7. Seebeck coefficient as a function of temperature for copper(I) sulfide systems.
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Figure 9. Electrical conductivity as a function of temperature for copper(I) sulfide systems.
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Figure 10. Electrical conductivity as a function of temperature for copper(I) selenide systems.

Similar to thermal conductivity, the strongly metallic character of copper selenide is
also observed in the values of the Seebeck coefficient (Figure 8). This parameter takes values
around 10 uVK ! at RT and increases practically linearly to around 60-70 uVK ! at 750 K.
The presence of dopants and/or additional phases has a similarly marginal effect here, with
a tendency for lower o values for doped systems (Figure 8). This may be associated with
both an increase in charge carrier concentration and further defect formation in the cationic
sublattice with successive measurement cycles, suggesting significantly lower stability of
Cuy gSe than Cuy 97S. Once again, this result contradicts literature reports, where zinc or
nickel dopants result in an increase in recorded Seebeck coefficient values [13,54]. However,
there is a possibility that this slight decrease should be correlated with an increasing
contribution of minority charge carriers. Nickel and zinc can act as electron donors here,
masking the effects related to total Seebeck coefficient values.

The electrical conductivity o of Cuj ;S systems (Figure 9) reaches values around
10* Sm~! with a clear tendency to decrease in the temperature range of 400-600 K, corre-
sponding to the presence of the Cuy 9¢S phase with a tetragonal structure [9]. In the case of
undoped material, the electrical conductivity is a repeatable value in successive measure-
ment cycles, with a slight tendency to improve this parameter. The electrical conductivity
curve of Ni-doped material exhibits a similar trend. However, the addition of silver and
zinc significantly deteriorates the o of these materials with successive measurement cycles
(Figure 9). This is interesting because there is no simultaneous increase in the Seebeck coef-
ficient, which may have several reasons. The first is the dissolution of the dopants during
measurements, leading to a decrease in charge carrier mobility. However, a more probable
explanation is the further segregation of foreign phases, which does not affect the recorded
values of « but affects the conductivity abilities, for example, through precipitation and
partial oxidation of metal-rich phases at grain boundaries. The possibility of decreased
electrical conductivity in subsequent cycles could also be attributed to charge accumulation
at the grain boundaries, which is caused by the significant ionic contribution to electrical
conductivity. Still, the electrical conductivity recorded in the presented study is one order
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of magnitude higher than those shown by Yue et al. [38]. We do not observe such effects in
the case of Cu; gSe selenide (Figure 10). The strongly metallic character of these materials
(doped and undoped) is evident here, with achieved values on the order of 10° or even
10° Sm~! at RT and a typical decrease in conductivity with increasing temperature, which
is a characteristic of metals. These results are significantly higher than those presented
by various dopants (including Ni and Zn) in 3-Cu,Se [13] and nearly twice the values of
those presented by Nieroda for the stoichiometric Cu,Se obtained via the hydrothermal
method [11]. It is worth noting the slightly higher conductivity values for Ni-doped Cu; gSe
compared to the undoped system, which is unusual considering that nickel should be a
donor dopant. This situation is most likely associated with the increased charge carrier
concentration provided by the dopant as well as the presence of metallic precipitates at
grain boundaries. The differences in recorded values between individual measurement
cycles are negligible for all considered compositions.

It should be underlined here that all considered samples (both doped Cu; 975 and
Cu gSe), despite preserved chemical (with an absence of free Cu precipitations) and phase
compositions, exhibit a minor macroscopic deformation during TE operating (Figure S9).
This implies real limitations in the application of Cu;,_,Ch systems and raises questions
regarding the available literature data.

After combining the above-described transport properties, the ZT parameter was deter-
mined as a function of temperature and individual measurement cycles (Figures 11 and 12).
For sulfides, the highest recorded value of about 1.5 is achieved by undoped Cujy 975 at
923 K, which stays in line with available literature data [9,56] (Figure 11). All introduced
dopants lead to a significant deterioration of this parameter, with minor changes in the
profiles over individual cycles. An exception is the Ni dopant, for which a nearly half
reduction in ZT is noticed in the third cycle compared to the first one, primarily due to
the recorded Seebeck coefficient values, particularly in the high-temperature ranges. This
result also contradicts similar systems, where the addition of Ni, whether incorporated or
precipitated as a foreign phase, consistently leads to an increase in the final ZT values [36].

ZT parameter for metal-like Cu; gSe exhibits very low values at around 0.09 for the
first cycle and approximately 0.115 for the third cycle at temperature 723 K, which remains
nearly fifteenfold lower than that for CuySe reported in the literature [11-13] (Figure 12). In
this case, the presence of dopants does not result in a deterioration of the ZT parameter; on
the contrary, it rather improves ZT, showing increasingly better properties with each subse-
quent cycle, suggesting material relaxation during operating conditions. However, these
materials still remain a relatively poor group of candidates for thermoelectric applications,
unlike the indications from the literature for doped Cu,Se [13,43,54].

Generally, it appears that precise control of stoichiometry is a much more effective
approach for obtaining stable TE materials for these systems than introducing dopants
or small amounts of foreign phases. The mentioned approach begins to yield satisfactory
results only with the intentional and deliberate presence of other phases or chalcogenide-
based composites [29,57].
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4. Conclusions

The presented study aimed to reassess the potential for synthesizing materials based
on copper(l) chalcogenides, using a direct reaction between elements. It was demonstrated
that employing a relatively simple annealing—cooling scheme can yield materials with
the desired phase compositions. However, the most promising material characterized by
the nominal composition of Cuy g7S remains a mixture of phases, while copper selenide
exhibits single-phase behavior only in strongly non-stoichiometric systems such as Cuy gSe.
In the subsequent sections of the paper, the focus was on attempts to dope these two
non-stoichiometric chalcogenides. It was also shown that Ag, Ni, and Zn dopants indicate
very limited solubility in these structures, which leads to obtaining multiphase systems,
except for zinc. However, incorporating zinc into these chalcogenides has adverse effects
on the thermoelectric performance due to its increasingly metallic character. Other dopants
also worsen operational properties, marginally improving the repeatability of individual
measurements. Moreover, all doped systems undergo macroscopic deformation, which,
combined with poorer performance, disqualifies them as an effective means of modifying
the thermoelectric properties of copper(l) chalcogenides. Thus, we demonstrated that
controlling stoichiometry is a better approach, in the case of copper chalcogenides, for
achieving a good thermoelectric material than doping or introducing small amounts of
foreign phases. Therefore, non-stoichiometric Cuj 97S, characterized by the highest ZT
value of 1.5 and relatively good stability, remains one of the best materials for potential
thermoelectric applications.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /met14030360/s1, Figure S1: SEM micrographs together with
EDX map analysis of Cuy 97— yM,S (M = Ag, Ni, Zn; x = 0, 0.01) ingots; Figure S2: SEM micrographs
together with EDX map analysis of Cuj g7 MyS (M = Ag, Ni, Zn; x = 0, 0.01) pellets; Figure S3:
SEM micrographs together with EDX map analysis of Cuj g_,MySe (M = Ag, Ni, Zn; x = 0, 0.01)
ingots; Figure S4: SEM micrographs together with EDX map analysis of Cujg_,MySe (M = Ag,
Ni, Zn; x = 0, 0.01) pellets; Figure S5: Lattice and electronic components of thermal conductivity
as a function of temperature for copper(I) sulfides; Figure S6: Lattice and electronic components
of thermal conductivity as a function of temperature for copper (I) selenides; Figure S7: Power
factor as a function of temperature for copper(I) sulfides; Figure S8: Power factor as a function of
temperature for copper(l) selenides; Figure S9: Optical microscope images of Cuy 975 and Cuy gSe
after TE measurements; Table S1: Density of undoped and doped copper(I) chalcogenide sinters;
Table S2: Lattice constants and goodness of fit parameters for Cuy 7S and Cu; gSe materials.
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