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Abstract. Copper-enriched (Cug75Ago.25)7SiSs1-based ceramics were prepared from the
micro- and nanopowders by pressing and sintering under developed technological
conditions. Structural studies at different process step stages of ceramic samples
preparation were performed using the XRD technique and microstructural analysis. The
frequency and temperature dependences of the total electrical conductivity for
(Cuo.75Ad0.25)7SiSsI-based ceramics were investigated by the impedance measurements.
From the Nyquist plots, by using the electrode equivalent circuits the ionic and electronic
components of the total electrical conductivity were determined. It has been shown that
both ionic and electronic conductivity nonlinearly depend on the average crystallites size of
(Cup.75Ad0.25)7SiSs1-based ceramics.
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1. Introduction

Cu;SiSsl and Ag;SiSsI compounds with argyrodite
structure are characterized by high ionic conductivity and
thus belong to the superionic conductors or solid
electrolytes that are the promising materials for different
electrochemical (all-solid-state batteries, supercapacitors,
ion-selective membranes, etc.) devices [1-3]. Electrical
properties of (Cuy,AQy);SiSsl mixed crystals were
studied in Ref. [4]. It was shown that with Ag atoms
content increase in (Cu;_Agy);SiSsl mixed crystals the
nonlinear increase of electrical conductivity from
0.003 S/cm  (Cu;SiSsl) to 0.008 S/cm (Ag;SiSsl) is
observed, as well as the ratio of ionic conductivity to the
electronic one is nonlinearly increased by almost five
orders of magnitude [4].

Recently, the composites [5, 6], ceramics [7] and
thin films [8] based on the copper-containing argyrodites
were investigated. In this paper, we focused on
superionic ceramics studies. Nowadays, research on
superionic ceramic materials related to the study and
improvement of electrochemical energy storage
technologies has been significantly promoted [9]. The
active improvement of this technology is caused by the
development of alternative energy sources and electric

vehicles, as well as the growth of the number of portable
electronic devices [10]. The supercapacitors, batteries
and fuel cells are used as electrochemical energy storage
devices [9]. Li-ion batteries containing liquid organic
electrolyte  have become the most commercially
widespread [11]. However, the combination of
chemically active lithium and flammable liquid reduces
the safety of the device [12]. When using a solid
electrolyte instead of a liquid electrolyte, it is possible to
increase the safety of batteries, as well as to simplify its
design [10, 13, 14].

Thus, in this paper we report on the preparation
process and investigations of electrical conductivity of
copper-enriched  (CugsAgdo.75)7SiSsI-based  superionic
ceramics.

2. Experimental

(Cup.75A00.25)7SiSs solid solution crystallizes in the face-

centered cubic cell of argyrodite structure (F43m,
Z=4) [2] with the lattice parameters a = 9.9974(6) A.
Formation of the above-mentioned solid solution occurs
due to the isostructure of Cu;SiSsl and Ag;SiSsl
compounds and close ionic radii values (0.98 A for Cu*
and 1.13 A for Ag") [15]. Clarification of the Cu" <> Ag"
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substitution mechanism and coordinates of atoms in the
cell was carried out on the basis of refined models of
initial structures by using the Rietveld method [16, 17].
Calculation and refinement of the model was carried out
using the program EXPO 2014 [18, 19], and visualization
was performed using the program VESTA3.5.2
[20]. The basis of the anionic framework of
(Cug.75Ad0.25)7SiSs1 solid solution is constituted by [SiS4]
(Fig. 1a), [S31] and [Sl,] tetrahedra that form icosahedra
(Fig. 1b). The icosahedra are coordinated around the
sulfur atom S1(4a), which is simultaneously the vertex of
[SiS,] tetrahedra. Since the presence of interpenetrating
icosaedera is characteristic of the structure of argyrodite,
S1 is also the vertex of the next [SSgls] icosahedron. In
the structure of (Cug75AJo.25)7SiSs| the tetrahedron [SiS,]
(Fig. 1a) is symmetrical (absolutely central Si position),
the lengths of the Si-S bonds are 1.958A, the distances
S-S are 3.198 A, the volume of tetrahedron is equal to
3.86 A®. Additionally, one can distinguish double
tetrahedra [Cu(AQg)Ssl,] formed by sulfur atoms S1, S2
and atom 11 in the icosahedron (Fig. 1b). These doubled
polyedra are coordinated around CulAgl and Cu2Ag2
substitution positions, from which a movable cationic
sublattice of (Cug75Ag0.25)7SiSs1 solid solution is formed.

Fig. 1. [SiS,] tetrahedra (a) and [SSy 5] icosahedron (b) in the
structure of (Cug 75A00.25)7SiSs| solid solution.

(Cug.75A0d0.25)7SiSsI compound was synthesized by a
direct single-temperature method from pre-synthesized
quaternary Cu,SiSsl and Ag;SiSsl [4]. Microcrystalline
powders were grinded in an agate mortar (average
particle size of ~10...50 um) as well as nanocrystalline
powders were grinded in a planetary ball mill PQ-N04
for 30 and 60 min. XRD studies of micro- and
nanopowders (DRON 4-07 with CuKo radiation, angle
scanning speed 26-0.02 deg, exposure — 1 s) have shown
that the argyrodite structure is preserved and the
broadening of lines occurs when the particle size
decreases (Fig. 2). SEM-studies have shown that the
average particle size for powders grinded in the planetary
ball mill for 30 min is ~150 nm, while at 60 min it is
equal approximately 100 nm.

(Cug.75Ad0.25)7SiSsI-based ceramic samples were
obtained by pressing the powders (at a pressure close to
400 MPa) and further sintering at 973 K for 36 hours in
the form of disks with a diameter of 8 mm and thickness
of 3-4mm. The microstructural analysis of ceramic
samples was performed with metallographic microscope
METAM-R1. The microstructures and histograms of
crystallites size distribution for different types of
ceramics have been presented in Fig. 3. It is revealed that
the average size of crystallites for ceramics obtained
from microcrystalline powder is ~12 um, and from
nanocrystalline powders obtained by grinding for 30 and
60 min is ~5 um and ~ 3 pm, respectively.

20 ‘ 40 ‘ 60
20 (deg)

Fig. 2. Diffractograms of (Cug75Agg 25)7SiSs| powders obtained
by grinding in agate mortar (1) and planetary ball mill for
30 min (2) and 60 min (3).
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Fig. 3. Dependences of the size distribution for crystallites of
(Cug75Ad0 25)7SiSs1-based ceramics, obtained from powders
that were milled in agate mortar (a) and planetary ball mill for
30 min (b) and 60 min (c). The inserts show the microstructure
images for different (Cug 75Ago.25)7SiSs1-based ceramics.

The electrical conductivity of (Cug75Ad0.25)7SiSsl-
based ceramics was measured with combination of high-
precision LCR meters (Keysight E4980A and AT-2818)
within the frequency range from 10 Hz to 2x10° Hz and
temperature range from 292 up to 383 K. Measurement
was carried out using the two-electrode method, with
blocking (electronic) gold contacts deposited by chemical
precipitation from solutions [4].

3. Results and discussion

The frequency dependences of the total electrical
conductivity for (Cug 75Ado.25)7SiSsl-based ceramics have
been presented in Fig. 4. They are typical for solids with
ionic conductivity: increase with a frequency, as it was
observed [21]. The insert to Fig. 4 shows the dependence
of the total electrical conductivity on the average
crystallites size for (Cug75AJo.5)7SiSsI-based ceramics at
the frequency 100 kHz. It has been shown that decrease
of the average crystallites size from 12 pm down to 5 um
leads to increase of the total electrical conductivity by
22%, while the further decrease to 3 um leads to decrease
of the total electrical conductivity by 62%.

Being based on the Nyquist plots (Fig. 5) and using
electrode equivalent circuits (EEC) [21-23], the total
electrical conductivity of (Cug75AQo.25)7SiSsI-based
ceramics was separated into ionic and electronic
components. Three semicircles are observed on Z'-Z"

dependences for ceramic samples with average
crystallites sizes close to 12, 5, and 3 um. It has been
shown that (Cug75Ado25)7SiSsl-based ceramics s
characterized by the predominance of the electronic
component of electrical conductivity (ojon<og). EEC
selected for the description of the Nyquist plots can be
separated into two parts: ionic that corresponds to the
processes associated with the ionic component of
conductivity and electronic one that corresponds to the
electronic conductivity, respectively.

The low-frequency semicircles represent the
diffusion relaxation processes at the electrode/crystal
boundary, which is expressed by the included capacity of
the double diffusion layer Cgy (Fig. 5). The parts of the
structure with parameters Ry, /Cgyy are series-connected to
Ca and responsible for the appearance of the “smeared”
mid-frequency semicircle as well as characterize the
resistance and capacity of the grain boundaries of the
ceramic material. The high-frequency semicircles, in
their turn, characterize conduction processes at intra-
grain boundaries, which are described by the series-
connected resistance Ry, with the parallelly connected
capacitance Cg, (Fig.5b, 5c). In the case of
(Cug.75Ad0.25)7SiSsI-based  ceramic  sample with the
average crystallite size of 12 um, the high-frequency
semicircle corresponds to the series-connected resistance
of micro-grain Ry with the abovementioned parameters of
Ra/Cqp (Fig.5a). Thus, the ionic conductivity of
(Cup.75Ad0.25)7SiSsl-based ceramics is determined by the
sum of the resistance of grain boundaries Ry, with
resistance of intra-grain boundaries Ry, and micro-grains
resistance Ry (for the sample with the average crystallite
size of 12 pm).

In parallel to the ionic processes, the electronic
resistance R, is included in the EEC, which contributes to
the representation of all available semicircles on the
Nyquist plots and determines the electronic component
of the total electrical conductivity (Fig. 5).
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Fig. 4. Frequency dependences of total electrical conductivity
at T = 298 K for (Cug75Ad0.25)7SiSsl-based ceramics with
different sizes of crystallites: 12 um (1), 5 pm (2), 3 pm (3).
The insert shows the dependence of the total electrical
conductivity on the size of crystallites at 100 kHz.
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Fig. 5. EEC and Nyquist plots for (Cug75A0o.25)7SiSsl-based
ceramics with different crystallite sizes: (a) 12 um; (b) 5 pm;
(¢) 3um for temperatures 298 (1), 323(2), 373K (3).
Experimental data correspond to the solid dots, calculated data
correspond to the open dots.

In the analysis of Nyquist plots in the context of
reducing the crystallites size from 12 um down to 5 um
and further to 3 um, the insignificant dynamics of the
low-frequency semicircle shift into the low-frequency
region is remarkable, which may be due to the
preservation of the ratio i, < o¢, Which together with
high specific values of the electron component of
electrical ~ conductivity, defines practically equal
influence of diffusion and relaxation ionic processes for
samples of different dispersion.

Let us consider temperature evolution of Nyquist
plots for (Cug75Ad025)7SiSsl-based ceramics. With
increasing the temperature, the increase of electronic
conductivity is observed, which gradually eliminates the
influence of diffusion ionic processes at the crystallite
boundaries. It is accompanied by the decrease of the
high-frequency semicircle at 323 K (Fig. 5, curve 2).
With the further increase of temperature up to 373 K
(Fig. 5, curve 3), there observed is a further decrease in
the influence of diffusion ionic processes, which together
with the decrease of thickness of double diffusion layer
eventually leads to complete disappearance of mid-
frequency semicircle and significant reduction of the
high-frequency semicircle size, which is especially
noticeable for ceramics with average crystallite size of
5 um (Fig. 5b, curve 3).

Fig. 6 shows the dependences of ionic and
electronic components of electrical conductivity on the
average crystallites size in (Cug7s5AQo.25)7SiSsI-based
ceramics. It is revealed that reduction of average
crystallite size down to 5 pm leads to the increase of both
ionic (by 35%) and electronic (by 36%) components of
electrical conductivity, whereas with further decrease of
average crystallite size down to 3 um, there is a
sufficiently significant decrease of both ionic (by 61%)
and electronic (by 75%) components of electrical
conductivity. Such main characteristics of superionic
materials as the ratio of ionic to electronic conductivity
remains unchanged with decreasing the average
crystallite size from 12 um down to 5 um and increases
(by 57%) with decrease of average crystallites size from
5 um to 3 um in (Cug 75Ad0.25)7SiSs1-based ceramics.

The temperature dependences of the ionic and
electronic components of electrical conductivity in the
Arrhenius coordinates are presented in Fig. 7. It is
ascertained that they are linear and described by the
Arrhenius equation, which confirms the thermoactivating
character of electrical conductivity. Using the linear part of
temperature dependences, the activation energies of both
ionic and electronic components of electrical conductivity
were determined (Fig. 6b). It should be noted that
dependence of activation energy of ionic conductivity for
(Cug.75Ag0.5)7SiSs1-based ceramics is nonlinear (Fig. 6a),
which is manifested in the reduction of activation energy
in the context of the average crystallite size decrease from
12 um down to 5 um, while with a decrease of the average
crystallite size from 5 um down to 3 um the activation
energy tends to increase. Instead, the activation energy of
electronic conductivity approximately linearly increases
with decreasing the average crystallite size from 12 pm
down to 3 pm (Fig. 6b).
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Fig. 6. Temperature dependences of ionic (a) and electronic (b) components of electrical conductivity for (Cug75AQg.25)7SiSs!-
based ceramics with different crystallite sizes: 12 pm (1), 5 um (2), 3 um (3).
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Fig. 7. (a) Dependences of ionic (1) and electronic (2) components of electrical conductivity at T = 298 K on the size of crystallites
for (Cug 75AQo 25)7SiSs1-based ceramics, the insert shows the dependence of the ratio of the conductivity components on the size of
the crystallites. (b) Dependences of the activation energy inherent to the ionic (1) and electronic (2) components of electrical
conductivity on the size of crystallites for (Cug 75Ago 25)7SiSs1-based ceramics.

Finally, it should be noted that (Cug75Ad0.25)7SiSs!-
based ceramics are characterized by complicated and
disordered micro- and macrostructure, which is
associated with different size of crystallites (Fig. 3), their
non-regular distribution, and complicate recrystallization
process during sintering micro- and nanocrystalline
powders. This process, first of all, includes the
consolidation of crystallites due to the processes of solid-
phase diffusion and, as a result, “dissolution” of smaller
particles by larger ones — recrystallization, which is
clearly visible according to the crystallite size
distribution curve (Fig. 3) and provided microstructural
research data. In the process of recrystallization, the
emergence of microstructural inhomogeneities is
inevitable, which contributes to the emergence of micro-
and, consequently, macrodefects. This additionally leads
to the appearance of internal stress of the ceramic
material. Here we should also add a disordered crystal
structure of (Cug75A00.25)7SiSsl, caused by Cu’« Ag*
cationic substitution. This combination of above features
in the final case leads to the change of the Nyquist plots
for the samples with different average crystallite sizes

(Fig. 5) and causes the corresponding behavior of the
total electrical conductivity (Fig.4), its components
(ionic and electronic conductivity) (Fig. 6), and is
defined by the nature of thermoactivation behavior
(Fig. 7) of (Cug.75Ad0.25)7SiSsl-based ceramics.

4. Conclusions

The copper-enriched (Cug75Ago.25)7SiSsI solid solution
was synthesized, then it was grinded into the micro- and
nanopowders in an agate mortar and in a planetary ball
mill, and further the obtained powders were pressed and
sintered. The X-ray diffraction studies of the micro- and
nanopowders have shown the lines broadening with
decreasing the size of particles. From the micro- and
nanopowders, the different types of (Cug5AQg.25)7SiSs1-
based ceramics with the average crystallite sizes 3, 5 and
12 um were produced. The obtained ceramic samples
were investigated by microstructural analysis, which
resulted in the dependences of size distribution and
microstructure images of the samples surface.
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Electrical conductivity studies for
(Cug75Ad0.25)7SiSsl-based  ceramics were performed
within the frequency range 10...2x10° Hz and

temperature range 292...383 K. The Nyquist plots were
analyzed using the electrode equivalent circuits. Being
based on them, the ionic and electronic components of
electrical conductivity were determined. It has been
revealed that decrease of the average crystallite sizes
from 12 pm down to 5 pm leads to the increase of both
ionic and electronic components of electrical
conductivity, while the further decrease from 5 um down
to 3um leads to the significant decrease of both
components of electrical conductivity. At the same time,
the ratio of ionic to electronic conductivity remains
unchanged with decreasing the average crystallite size
from 12 pum down to 5pum and increases with the
decrease of it from 5 um down to 3 um.

The temperature dependences of ionic and
electronic components of electrical conductivity are
linear in Arrhenius coordinates, which confirms the
thermoactivating character of electrical conductivity. The
complex and disordered micro- and macrostructure of
(Cuo.75Ago.25)7SiSs1-based ceramics is related with the
different sizes of crystallites, their non-regular
distribution and complicated recrystallization process
during sintering micro- and nanocrystalline powders.
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CTpyKTypHI Ta iMIeaHCHI 10CTiIKeHHsI KepaMiKHM Ha OCHOBI 30araueHoro Miaaro
(Cuo.75Ad0.25)7S1Ss|

LIL. Crynensik, A.L Ioroxin, I.A. Illennep, C.M. Bepesniok, M.H. ®inen, O.I1. Koxan, P. Kopéansky

AHoramisi. Kepamiky Ha ocHOBi 30aradeHoro wmimmio (Cug7sAdo2s)7SiSsl oTpumano 3rigHo 3 po3pobieHHMH
TEXHOJIOTIYHUMH YMOBAaMH 3 MIKpPO- Ta HAHOIIOPOIIKIB HIJISIXOM IpecyBaHHs Ta crikaHHA. CTPYKTYpHI JOCIiKEHHs Ha
PI3HMX CTaJisIX MPOLECy MiATOTOBKH 3pa3KiB KepaMiKi IIPOBEAEHO 3a JOIIOMOT'0I0 METO/ly PEHTTeHIBChKOI An(pakiii Ta
MIKpPOCTPYKTYpHOTO aHaii3y. YacTOTHI Ta TemIepaTypHi 3aJie’KHOCTI 3arajbHOi €JIeKTPONPOBITHOCTI KepaMiku Ha
ocHOBi (Cug75A00.25)7SiSs] Oyn0 MOCHIHKEHO MNUITXOM IMIEIAHCHUX BUMIDIOBaHb. 3 BHKOPHUCTAHHSM Jliarpam
HaiikBicTa 3a TOIOMOTOI0 €IE€KTPOJHUX EKBIBAJICHTHUX CXEM BH3HA4Yald iOHHI Ta €JEKTPOHHI KOMIIOHEHTH 3arajbHOi
enekTponpoBigHocTi. [Toka3aHo, M0 i0HHA Ta €NEKTPOHHA EJIEKTPONPOBITHOCTI HETIHIMHO 3alexaTh BiJl CEPEeIHBOTO
po3Mipy KpHcTaiiTiB Kepamiku Ha ocHOBI (Cug 7500 25)7SiSs].

KaiouoBi ciioBa: apripoaut, cynepioHHHI MPOBITHKK, KepaMiKa, i0HHA IIPOBIAHICTb, €HEPTis aKTHBALlii.
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