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Copper silver selenide, CuAgSe, was easily and conveniently prepared from Cu, Ag and Se powders in
a stoichiometric ratio by one-step solvent-free mechanochemical synthesis after 7 min of milling in
a planetary ball mill. The kinetics of the synthesis, along with the structure, morphology, thermal stability,
physicochemical, and thermoelectric properties of the product were investigated. The crystal structure,
physicochemical properties, and morphology were characterised by X-ray diffraction, particle size
distribution analysis, specific surface area measurements, X-ray photoelectron spectroscopy, and
scanning and transmission electron microscopy. XRD confirmed the crystal structure as a mixture of
tetragonal and orthorhombic CuAgSe. Analysis of surface composition revealed partial surface oxidation.
Electron microscopy revealed that the nanostructured product consisted of agglomerated particles of
irregular shape which formed clusters with a size >20 um while the mean size of crystallites was 12.1 nm.
The mixed crystal structure was also confirmed by selected area diffraction. Thermal analysis clearly

iig:g’tee% i?;hS:f;;rE:frzgg? indicated a reversible phase transformation. The spark plasma sintering method was applied to prepare
a dense CuAgSe pellet for thermoelectric characterization. High-temperature transport properties were
DOI-10.1039/d4mr00111g examined to assess the potential application of mechanochemically synthesized synthetic eucairite in
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energy conversion.

Introduction

Copper and silver chalcogenides are considered promising
materials for various applications, such as thermoelectrics,"*
photovoltaics® or superconductors,* thanks to their physico-
chemical properties. Essential properties for their use as ther-
moelectric materials are their very high carrier mobility and
reduced thermal conductivity.” Eucairite — CuAgSe, a ternary
copper(1) silver selenide belongs to a group of interesting metal
chalcogenides. The earliest investigation of its crystal structure
determined that the only tetragonal structure is (-CuAgSe.®
However, a few years later another study showed that 6-CuAgSe
crystallizes in pseudo-tetragonal orthorhombic symmetry with
a large supercell.” Based on recent knowledge there are three
modifications of ternary copper() silver selenide (see Fig. 1),
namely, low-temperature tetragonal 3-CuAgSe, low-temperature
orthorhombic (-CuAgSe, and high-temperature cubic o-
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CuAgSe, with the temperature of phase transition between low-
and high-temperature modifications being approximately 504
K.® Furthermore, the existence of a reversible phase transition
in the temperature range of 463-468 K between low- and high-

Fig. 1 CuAgSe crystal structure scheme: (a) tetragonal, (b) ortho-
rhombic and (c) cubic. Reprinted with permission from C. Han, Q. Sun,
Z.X.Cheng, J. L. Wang, Z. Li, G. Q. Lu and S. X. Dou; "“Ambient scalable
synthesis of surfactant-free thermoelectric CuAgSe nanoparticles with
reversible metallic-n—p conductivity transition,” J. Am. Chem. Soc.,
2014, 136, 17626, DOI: 10.1021/ja510433j. Copyright 2014 American
Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4mr00111g&domain=pdf&date_stamp=2025-02-27
http://orcid.org/0009-0002-7770-7074
http://orcid.org/0000-0002-0533-8866
http://orcid.org/0000-0001-6563-7588
http://orcid.org/0000-0002-8697-9912
http://orcid.org/0000-0002-0975-2060
http://orcid.org/0000-0002-9972-4177
doi:10.1021/ja510433j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00111g
https://pubs.rsc.org/en/journals/journal/MR
https://pubs.rsc.org/en/journals/journal/MR?issueid=MR002002

Open Access Article. Published on 10 December 2024. Downloaded on 6/15/2026 6:53:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

temperature CuAgSe modifications was found.” The cubic a-
phase has been described as a rigid fcc lattice of Se anions with
mobile, randomly distributed Ag and Cu cations responsible for
the superionic behaviour.” Depending on the type of charge
carriers, n-type and p-type semiconductors can be distin-
guished. A unique feature of CuAgSe is its ability to switch
between both types of conductivity, connected with phase
transition.” In order to maintain n-type behaviour over a broad
temperature range, CuAgSe can be doped with Te," Ni,"* Co,
and Zn."?

Chemical compounds derived from the rare mineral
eucairite have been synthesized and studied by many different
methods. For the preparation of CuAgSe, mostly solid-state
reactions have been used. The most commonly used method-
ology encompasses the loading of powdered elemental precur-
sors into an evacuated silica tube and heating them to
temperatures above 1173 K."*® Other methods of CuAgSe
synthesis are chemical precipitation,“*”** conversion of
Cu,_,Se,> manual mixing of the elements followed by spark
plasma sintering,'® solvothermal synthesis,* magnetron sput-
tering,”* and mechanical alloying in a planetary ball mill.»**
Among the abovementioned synthesis methods, mechano-
chemical reaction provides numerous benefits, because it is
a simple, one-step, one-pot, time-saving, economical and envi-
ronmentally friendly method. In contrast to chemical precipi-
tation, mechanochemical reaction proceeds without the use of
any solvent and unlike solid-state reactions, it is carried out at
ambient pressure and temperature. Additionally, the mecha-
nochemical process enables a transfer to large-scale industrial
production.”*** The first reported mechanochemical synthesis
of CuAgSe was performed by high-energy milling of elemental
powder precursors in a planetary ball mill for 60 minutes.* In
a more recent study, milling of precursors in the planetary ball
mill proceeded for 16 h, and the effect of chemical composition
on structural stability, and thermoelectric performance was
investigated.> Different ball-to-powder ratios and milling
atmospheres, but the same milling time, 16 h, were applied in
the most recent study, which was focused on thermoelectric
properties and the control of n-p conduction type transition.*
In all cases, the material used for the milling chamber and balls
was agate.

In the present study, tungsten carbide (WC) milling media
were used leading to a very fast mechanochemical synthesis of
nanostructured CuAgSe by high-energy milling in a planetary
ball mill. The novelty lies in the very short time required to
obtain the desired product, which was only 7 minutes. The
kinetics of the mechanochemical synthesis of synthetic mineral
eucairite was studied, and its crystal structure, morphology,
physicochemical, and thermoelectric properties were also
investigated.

Experimental

The mechanochemical synthesis of CuAgSe was performed
using a Pulverisette 6 planetary ball mill (Fritsch, Germany),
according to the reaction: Cu + Ag + Se — CuAgSe. The
precursors used for synthesis were powders of elemental copper

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(99%, 116 pm, Nippon Atomized Metal Powders Corp. Japan),
silver (99,9%, 125 um, Thermo Scientific Chemicals) and sele-
nium (99,5%, 74 pm, Acros Organics). The amounts of each
precursor were calculated to yield 5 g of CuAgSe, namely, 1.27 g
Cu, 2.15 g Ag and 1.58 g Se. The following milling conditions
were used: a 250 mL milling chamber loaded with 50 pieces of
balls (10 mm in diameter), WC as the material for both the
milling chamber and balls, a ball-to-powder weight ratio of 73 :
1, an inert Ar atmosphere, a rotation speed of 550 rpm and
various milling times, & = 1, 3, 5, 7 min.

The products of the mechanochemical reaction with
different milling times,ty;, were characterized by the following
techniques. Qualitative X-ray diffraction analysis (XRD) was
performed using a D8 Advance diffractometer (Bruker, Ger-
many), working in Bragg-Brentano geometry with CuK, as the
radiation source (A = 0, 154 nm) at 40 mA and 40 kv. The data
were analysed using JANA2020 software; for modelling of
diffraction lines, a pseudo-Voigt function was used. The present
phases were identified according to the JCPDS PDF database.

The particle size distribution (PSD) was measured using
a Mastersizer 2000E particle size laser diffraction analyzer
(Malvern Panalytical, UK) with a Scirocco 2000M dry feeder and
a measurement range of 0.02-2000 pm.

The Brunauer-Emmett-Teller (BET) specific surface area
values, Sggr, were assessed by the low-temperature nitrogen
adsorption method in a Gemini 2360 sorption apparatus
(Micromeritics, USA) with an applicability of 0.01 m* g™, in the
pressure range of 0-950 mm Hg, and with accuracy and linearity
better than +0.5%.

For X-ray photoelectron spectroscopy (XPS), the powder
samples were fixed with a double-adhesive carbon tape on
a stainless sample holder. The measurements were performed
using a ULVAC-PHI Quantes (Japan) with a monochromatic Al
Ko source at 1486.6 eV. Three areas with a spot size of ~100 um
were analysed. The photoelectrons were collected at an emis-
sion angle of 45°. The high-resolution spectra were obtained at
55 eV pass energy and 0.1 eV step size. The X-ray source was set
to 25 W and 15 kV. The carbon C 1s peak at 284.8 eV was used as
an internal reference for charge correction. The charge
compensation was performed with low-energy Ar’ ions and
electrons.

Scanning electron microscopy (SEM) analysis was performed
using a MIRA 3 FE-SEM microscope (TESCAN, Czech Republic),
equipped with an energy dispersive X-ray spectroscopy (EDX)
detector (Oxford Instruments, UK).

Transmission electron microscopy (TEM) was performed
using a JEOL 2100F UHR operating at 200 kV with a field
emission gun. Image characterization was done in scanning/
transmission mode employing a bright field detector. Phase
identification was confirmed by the selected area electron
diffraction (SAED) technique. The studied sample was
dispersed in ethanol and ultrasonicated for 15 min before
observation to reduce agglomeration. This sample dispersion
was placed on a copper support grid covered with an ultra-thin
flat carbon film and stored in a vacuum.

The thermal behaviour was investigated by TG/DTG/DTA
measurements using an STA 449 F3 Jupiter thermal analyzer

RSC Mechanochem., 2025, 2, 246-255 | 247


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00111g

Open Access Article. Published on 10 December 2024. Downloaded on 6/15/2026 6:53:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Mechanochemistry

(Netzsch, Germany). The measurements were performed over
the temperature range of 25-300 °C at a heating rate of 10 ©
C min~" under an argon 5.0 (purity 99.999%) atmosphere with
a constant flow of 30 mL min . As the reference material, an
Al,O; crucible was used.

The CuAgSe sample for transport property measurements
was sintered by the spark plasma sintering method (SPS) in an
HP D10-SD furnace (FCT Systeme GmbH, Germany). The
powder was placed into a graphite die (inner diameter 10 mm)
and sintered into a round pellet about 2 mm thick at 673 K
under 80 MPa (heating rate 100 K min '), with a holding time of
10 min in an Ar atmosphere. The electrical conductivity, o, was
measured via the four-terminal method using an LSR-3 instru-
ment (Linseis, Germany) from 300 to 624 K on a round pellet.
The Seebeck coefficient, S was measured via the static DC
method using an LSR-3 instrument, and the electrical conduc-
tivity was measured simultaneously with the Seebeck coeffi-
cient. The measurements were performed in a He atmosphere
under 0.1 bar overpressure. The thermal diffusivity, k was
measured from 300 to 574 K on a round pellet using an LFA 457
instrument (Netzsch, Germany). The thermal conductivity,
was subsequently calculated using the relation k = k x ¢, X p,
where £ is the thermal diffusivity, ¢, is the heat capacity, and p is
the experimental density. Super-alloy Inconel was used as the
heat-capacity standard. The thermoelectric figure of merit, Z7,
was calculated according to the equation ZT = ¢S>T/«.

The Hall coefficient was measured up to 625 K in an Ar
atmosphere using a home-made cell. The method used an
alternating current at a frequency of 1020 Hz and a stationary
magnetic field with an induction of 0.4 T. Welded platinum-
wire voltage contacts and mechanically applied pressure
current contacts were used.

Results and discussion

XRD patterns of stoichiometric Cu/Ag/Se mixtures milled for
various milling times ¢, representing the kinetics of the
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Fig.2 XRD patterns of Cu/Ag/Se mixtures at milling times, ty =1, 3, 5,
7 min.
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mechanochemical reaction, are shown in Fig. 2. The XRD
patterns of the mixtures treated for 1 and 3 min exhibited
diffraction peaks corresponding to unreacted elemental Cu (03-
065-9026) and the reaction intermediate Ag,Se (01-080-7685).
Also, a small amount of synthetic eucairite CuAgSe was detec-
ted, indicating that its formation started already after 1 min of
milling. These results suggest that the mechanochemical reac-
tion was indirect and proceeded via two steps: first Ag,Se was
formed, followed by CuAgSe formation. A similar rection
pathway was reported for the synthesis of CuAgSe nanoparticles
via the precipitation route, where Cu" ions replace Ag" ions in
Ag,Se to create CuAgSe.*®* The most appropriate ¢, was 7 min
because, in the sample with #,; = 5 min, unreacted Cu and/or
intermediate Ag,Se in concentrations below the detection
limit (up to 5 wt%) could still be identified. As ty increased,
complete conversion of the precursors and intermediate into
the desired product CuAgSe occurred. XRD phase analysis
found that the product with #,, = 7 min contained a mixture of
orthorhombic (CuAgSe, 00-010-0451) and tetragonal (CuAgSe,
01-089-3935) modification of eucairite. The XRD pattern con-
tained some extra peaks, which according to the literature?
belong to the orthorhombic phase of CuAgSe.

The assignment of the CuAgSe structure is complicated due
to discrepancies in the literature; some researchers supposed
that there is only one pseudo-tetragonal orthorhombic struc-
ture**® while others assumed the coexistence of tetragonal and
orthorhombic structures.»»'*** Another complication could be
the presence of impurities, such as oxidized by-products. Le Bail
refinement was performed on the Cu/Ag/Se mixture treated for
7 min starting with the cell parameters of the orthorhombic
structure, @ = 4.105 A, b = 4.07 A, and ¢ = 6.31 A, and the
tetragonal structure, @ = 4.105 A, b = 4.105 A, and ¢ = 6.31 A.
Between them, there is only a little difference in the b-axis,
which does not have a significant effect on electronic proper-
ties.”> To achieve the best fit, two phases with the following
slightly different cell parameters were obtained based on the
least-square refinement results: a = 4.0976 A, b = 20.6916 A, and
c=6.4178 A, and a = 4.1621 A, b = 20.7545 A, and ¢ = 6.5323 A
for the orthorhombic and tetragonal structure, respectively. A
large supercell a x 5b x ¢ (ref. 7) was detected. The statistics of
the refinement along with the graphical output are given in
Fig. 3. The estimation of crystallite size was not possible due to
overlapping peaks of the two nearly identical phases.

The results of PSD analysis and Sggr values of Cu/Ag/Se
mixtures with various milling times ¢, are illustrated in
Fig. 4. The smooth PSD curve of Cu/Ag/Se milled for 7 min
indicated a monomodal particle size distribution with the most
uniform particles, in contrast to the Cu/Ag/Se mixtures milled
for 1, 3, and 5 min. This supported the XRD results, confirming
the completion of the mechanochemical reaction after 7 min of
milling (see Fig. 4a). Fig. 4b shows the dependencies of the
mean particle size values, d(0.5), calculated from PSD analysis
and Sggr values on ty.. The course of the Sggr curve is similar to
that observed for mechanochemically synthesized materials,
especially chalcogenides described in the literature.”® A
maximum Sggr value of 0.55 m> g~ was reached for the mixture
with tyy = 3 min, which suggests that at first, new surfaces

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The graphical Le Bail refinement output of the orthorhombic
cell parameters against the measured data of the Cu/Ag/Se mixture
milled for 7 min.
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Fig. 4 (a) Particle size distribution of Cu/Ag/Se mixtures and (b)

dependence of specific surface area, Sger and particle size d(0.5) of
milled Cu/Ag/Se mixtures on the time of mechanochemical synthesis,
tM.

among the reactants and intermediate phases were formed and
only then the reaction proceeded to a large extent. The forma-
tion of the final CuAgSe product is accompanied by a decrease
in the Sggr value down to 0.14 m?® g~ for the Cu/Ag/Se mixture
milled for 7 min because the product particles agglomerated.
The lowest mean particle size d(0.5) = 29.77 um was achieved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for the 5 min-milled mixture, while a higher value of d(0.5) =
43.79 pm was measured for the final CuAgSe product, which
also demonstrated the effect of particle agglomeration -
a common phenomenon occurring in the mechanochemical
synthesis of chalcogenides.>”~*

XPS analysis was performed to evaluate the surface chemical
state of the synthesized CuAgSe product milled for 7 min. The
detailed XPS spectral lines of Cu 2p, Ag 3d and Se 3d are pre-
sented in Fig. 5. The binding energy (BE) value of 932.6 eV (see
Fig. 5a) corresponded to the Cu 2p;, fitted spectral line of Cu”
species,?” which overlapped with the fitted spectral line of Cu**
species (BE = 934.2 eV). Also, the presence of the typical Cu**
satellite with a BE of around ~941-944 eV indicated slight
surface oxidation of the product and the formation of CuO.*"*?
Such surface oxidation of Cu* to Cu®** due to storage and
handling in the air atmosphere was observed for CuAgSe
nanotubes and Cu,Se nanoparticles as a result of the high
density of surface sites.**** In Fig. 5b, the BEs of 373.9 eV and
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Fig.5 XPS spectra of mechanochemically synthesized CuAgSe: (a) Cu
2p; (b) Ag 3d; (c) Se 3d.
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367.8 eV for Ag 3d;,, and Ag 3ds,, spectral lines, respectively, are
in accordance with other data published for CuAgSe and
confirm the Ag" valence state.** The overlapped spectral lines of
Se 3ds), and Se 3d;/, are dominated by the peak with a BE of
around 54 eV (Fig. 5¢), which can be satisfactorily assigned to
the Se(-u) oxidation state of selenium. The broad peak located at
a slightly higher energy level with BE = 58 eV probably belongs
to SeO, which also indicates partial surface oxidation of the
CuAgSe product.

The morphology of the milled mixtures for 3 min and 7 min
was studied using SEM-EDX. The observations corresponded
with the results of PSD and XRD analysis. Even after 3 min of
milling, the overall morphology of the mixture supported the
fast conversion of elemental precursors. However, unreacted
copper metal, also detected by XRD analysis, can be seen in
Fig. 6a as detected by EDX elemental mapping analysis (shown
in red). The Ag,Se intermediate product revealed by XRD could
not be satisfactorily spotted by EDX analysis. Both mixtures
consisted of agglomerated particles of irregular shape. In the
final CuAgSe product with ¢, = 7 min, shown in Fig. 6b, no
particles of unreacted precursors were found and the individual
elements Cu, Ag, and Se were homogeneously distributed. The

Fig. 6 SEM micrographs with elemental mapping of Cu/Ag/Se
mixtures milled for (a) 3 min and (b) 7 min.
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Fig. 7 EDX analysis of CuAgSe milled for 7 min.

average at% composition of Cu:Ag:Se was 1.1:0.96:0.91, as
confirmed by EDX analysis (see Fig. 7).

The results of TEM analysis of CuAgSe milled for 7 min
showed a cluster of agglomerated particles in bright-field STEM
mode (see Fig. 8a). Analysis of the SAED pattern in Fig. 8b
confirmed a very good agreement with the CuAgSe phase crys-
tallizing in the tetragonal (space group: P4/nmm [129]; a =
0.408 nm, ¢ = 0.631 nm) and orthorhombic crystallographic
systems (space group: Pmmn [59]; @ = 0.41 nm, b = 0.407 nm, ¢
= 0.631 nm), which correspond to the values obtained from
XRD analysis.

The PSD of the CuAgSe particles was determined by
analyzing many images taken in bright-field STEM mode. The
observation mode was set to avoid unwanted diffraction effects.
The result, shown as a skewed right histogram in Fig. 9,
confirmed that particles with a size of up to 55 nm were
observed. The average physical size of the particles was deter-
mined by fitting of a Gaussian function to the particle size
distribution estimated from TEM micrographs. The calculated
mean crystallite size was 12.1 nm.

The thermal analysis of the CuAgSe product with ¢y, = 7 min,
i.e., the final CuAgSe product, measured in reversible mode

50 nm

Fig. 8 TEM images of (a) agglomerated crystals of CuAgSe milled for
7 min; (b) SAED pattern of the same crystals (tetragonal phase — black
and orthorhombic phase — green).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Particle size distribution analysis of CuAgSe agglomerated
crystals from TEM observation.
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Fig. 10 Thermal analysis of the CuAgSe product (ty = 7 min) with
phase transition.

(heating—cooling), is shown in Fig. 10. As can be seen, there is
no weight loss on the TG curve, confirming the stability of the
mechanosynthesized CuAgSe; however, two important peaks
are visible on the DTA curve indicating phase transformations.
The first endothermic peak at 484 K observed during the heat-
ing mode is associated with the phase transition from low-
temperature $-CuAgSe to high-temperature «-CuAgSe,*® which
confirmed the low-temperature phase formation during
milling. During cooling, the reversible process can be observed
as an exothermic peak at 451 K. It should be mentioned that
although the reversible phase transformation during cooling
occurred at the same temperature as during heating, the shift of
the peak maximum to a lower temperature is related to lattice
distortion, stress, and differences in cell volumes before and
after the transformation, which requires a certain time period.
However, compared to the literature,* there is a small shift in
the peak maxima as well, ie., a higher temperature during
heating and a lower temperature during cooling, indicating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a more disordered structure as a result of the mechanochemical
preparation procedure.

The XRD pattern of this cooled product after thermal treat-
ment shown in Fig. 11 confirmed recrystallization to the orig-
inal CuAgSe product containing a mixture of both crystal
phases. However, an amorphous phase has also been detected,
indicating the presence of an amorphous glassy state in the
originally mechanosynthesized product which was not detected
by XRD. The XRD pattern of the pellet after SPS treatment
similarly identified recrystallized CuAgSe together with amor-
phous phase formation.

The quality of the mechanochemically prepared $-CuAgSe
was also evaluated in terms of the thermoelectric material
potential. Thermoelectric properties were studied in the
temperature range from 300 to 624 K. A significant change in
the temperature dependence of electrical conductivity o, See-
beck coefficient S, thermal conductivity «, and ZT was related to
phase transition, which occurred between 460 and 500 K (see
Fig. 12a-d). According to the temperature-dependent data of o
shown in Fig. 12a, one can observe rather high metallic
conductivity of the $-phase, while after the phase transition, o
decreases and a semiconducting character of ¢ is observed for
the a-phase material with increasing temperature.

The observed metallic behaviour of the §-phase is in good
agreement with previous theoretical calculations.® These
calculations also show that two types of carriers (electrons and
holes) should contribute to the electrical conduction. The
measurements of the Seebeck coefficient S (see Fig. 12b) and the
Hall coefficient Ry (Fig. 13 inset) reveal the dominant role of
electrons in the low-T region, i.e., before the phase transition.
The almost constant Hall concentration (~4 x 10'® em™®) and
rather high increasing Seebeck values with rising temperature
indicate very little participation of holes in the electric transport
in this region. This fact is also reflected by very high Hall
mobilities uy (see Fig. 13) at 300 K (~1600 cm® V~' s7"). The
unusually high value of the n-exponent in the uyu-T" (n = 2.75)
dependence for the §-phase suggests that the dominant scat-
tering mechanism on homopolar optical phonons occurs in the

» CuAgSe tetr.
o CuAgSe orth.

after SPS

after DTA

10 20 30 40 50 60 70 80 90
2 theta (°)

Fig. 11 XRD pattern of CuAgSe milled for 7 min after thermal treat-
ment by SPS (400 °C) and DTA (300 °C).
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area which is intrinsic to layered materials.**® Drastic changes
in the measured transport properties after the -« phase tran-
sition at T > 500 K connected with the transformation to
a semiconducting phase can be explained by a sudden increase

252 | RSC Mechanochem., 2025, 2, 246-255

in hole concentration in the a-phase material. The holes are
generated mainly by the disordered Cu and Ag ions in the high-
T cubic structure. Although the S-values for the a-phase
suddenly change to positive ones, surprisingly the Ry remains
negative in the region. It indicated that a rather high concen-
tration of electrons is present in the system. This can be
explained within the context of a two-carrier model. The See-
beck coefficient S and the Hall coefficient Ry can be described
within the frame of the model:

SeXUe+ShXGh
g. + op

S (1)

and

2 2
He X Ue™ — Np X Uy,
Ry =

e x (Mg X e + 1y X ) @
where S., Sy, Ge, Oh, He, Ny e, and uy, are the Seebeck coefficient
(S), electrical conductivity (o), carrier concentration (n) and
carrier mobility (u) for electrons (e) and holes (h), respectively.
Thus, in the case of u. > uy, the values of Ry can still be
negative even when hole concentration dominates over electron
concentration. Such domination leads to positive values of S.
The decrease in total thermal conductivity after phase transi-
tion happened due to a decrease in electronic thermal
conductivity, which is associated with a decrease in electrical
conductivity (see Fig. 12c¢). Lattice thermal conductivity did not
change significantly throughout the whole temperature range,
except for the highest value observed at 474 K. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Overview of ZT values of 3-CuAgSe before phase transition prepared by various methods with different conditions

Method of preparation Synthesis conditions: temperature/time Max. ZT Year/Ref.
Chemical precipitation RT%/25 min 0.42 2014/*
Solid state reaction 1373 K/12 h 0.62 2015/*°
Solid state reaction 1253 K/54 h 0.10 2015/*
Manual mixing & SPS RT/10 min & 673 K/10 min 0.60 2016/"°
Ball milling” RT/16 h 0.45 2018/
Solid state reaction Not available 0.50 2019/%°
Solid state reaction 1373 K/20 h 0.30 2019/
Solid state reaction 1323 K/130 h 0.29 2021/"
Solid state reaction 1323 K/165 h 0.24 2023/*°
Ball milling” RT/16 h 0.25 2023/*
Manual mixing & SPS RT/30 min & 30 s 0.35 2024/
Ball milling” RT/7 min 0.35 This study

¢ Room temperature. ? Product prepared before any thermal treatment, SPS followed only in order to consolidate powder.

thermoelectric figure of merit illustrated in Fig. 12d reached the
highest value ZT = 0.35 at 424 K before phase transition.

Compared with the recently published results for other low-
temperature 8-CuAgSe compounds prepared by ball milling, the
maximum ZT values achieved are in quite good agreement with
our ZT values while the time required for the mechanochemical
synthesis presented here was several times shorter (see Table 1).
Additionally, Table 1 summarizes the preparation conditions of
B-CuAgSe by different methods and their corresponding ZT
values published in the last 10 years.

Table 1 shows that the predominant preparation method
was the solid-state reaction technique, which is demanding in
terms of thermal energy and time. The unconventional one-pot
and one-step mechanochemical method carried out at room
temperature is also presented here, evidencing that was the
fastest under the given conditions. Although it appears that the
preparation of CuAgSe by manual mixing is advantageous, it
should be noted that in this case, no CuAgSe product was
formed even after 10 or 30 min of manual mixing, with the
product only forming after the SPS procedure. In general,
mechanochemistry is considered one of the sustainable, envi-
ronmentally promising technologies with good green chemistry
metrics.*”” The main advantage of mechanochemical synthesis is
its easy scalability using large-scale industrial mills, capable of
producing up to tons of material per year with the possibility of
achieving the required technology readiness level.** Further
research and testing of mechanochemical synthesis for its
implementation in the chemical industry is still needed for
verification.

Conclusions

The ternary copper silver selenide - synthetic mineral eucairite
was prepared using energy-saving and “green” mechanosyn-
thesis in a planetary ball mill. Monitoring of the kinetics of the
mechanochemical reaction using XRD confirmed its comple-
tion after 7 min of milling. The synthesized CuAgSe had mixed
tetragonal and orthorhombic crystal structures determined by
XRD and Rietveld refinement. This mixed structure was addi-
tionally confirmed by TEM and SAED analyses which revealed

© 2025 The Author(s). Published by the Royal Society of Chemistry

agglomerated nanocrystals with a crystallite size of 12 nm. The
PSD curve of the powdered product corresponded to a mono-
modal particle size distribution with d(0.5)-44 pm. The reduc-
tion of the Sgpr value to 0.14 m” g~ and the increase in d(0.5)
compared to unreacted mixtures was a consequence of the
formation of the resulting product and the simultaneous
agglomeration. Oxidation states of Cu®, Ag*, and Se*~ in CuAgSe
were confirmed by XPS analysis, which also indicated slight
surface oxidation of the product. The thermal analysis demon-
strated the reversible phase transition from low-temperature (-
CuAgSe prepared by milling, to high-temperature «-CuAgSe.
During cooling, the cubic a-CuAgSe recrystallized into the
original mixture of tetragonal and orthorhombic 3-CuAgSe, but
with some content of the amorphous phase. Furthermore, the
thermoelectric performance of the synthesized product was
evaluated and compared with the reported ZT values. Through
this research, it was found that by appropriately setting the
milling conditions, the CuAgSe synthesis time could be signif-
icantly shortened to 7 min, while the thermoelectric perfor-
mance remained comparable. Moreover, this synthesis method
presents a suitable alternative to the existing methods of
CuAgSe production. From our previous research and experi-
ence, it is evident that this type of synthesis can be easily
adapted to production scales using an industrial vibratory mill.
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