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ARTICLE INFO ABSTRACT

Keywords: The ceramic samples based on the synthesized compounds of Ag;TSsI (T = Si, Ge) solid electrolytes were prepared

Al’gyrf)dif@s with using of micro- and nanocrystalline powders. Structural studies of powders obtained by grinding in an agate

(S:uPe“‘_m‘C conductor mortar as well as in a planetary ball mill were carried out by XRD and SEM techniques. Optical microscopy was
eramics

used to estimate the size of crystallites after annealing of prepared ceramics. Temperature (292-383 K) and
frequency (10 Hz-2 x 10° Hz) dependences of total electrical conductivity of ceramic samples were investigated
by impedance spectroscopy technique. Separation of electronic and ionic parts of electrical conductivity were
carried out by the analysis of Nyquist plots using electrode equivalent circuits. The dependences of ionic and
electronic components of the electrical conductivity on temperature and on average size of the crystallites were
investigated for Ag;TSsI-based ceramics. The comparison of electrical parameters for Ag;TSsl (T = Si, Ge)

Mixed conductor
Thermally activated processes

crystals, composites and ceramics was performed.

1. Introduction

Recently, an active search for new materials is underway and ways to
create on the basis of already known materials the effective solid-state
batteries are being developed. Among them there are well-known ma-
terials such as Li*- ta Na'-containing solid electrolytes [1-5] or Ag"
superionic materials based on binary o-Agl [6,7] and more complex
phases as Ag4Rbls [8,9] and argyrodites [10-15]. Compounds with
argyrodite structure are promising materials in this respect. They are
known as superionic conductors, thermoelectrics and ferroics [15-19].
They are primarily characterized by high ionic conductivity and low
activation energy [12-14,17]. The ionic conductivity of argyrodites is
ensured by the presence of a «rigid» anionic framework and a «mobile »
cationic sublattice. The mobility of cations is provided by a significant
number of equivalent crystallographic positions with their partial occu-
pancy. In the presented materials, the charge carriers are mobile mono-
valent cations Li*, Cu™, Ag™, and a detailed description of the conduction
mechanism in these materials is presented in Refs. [10,11,20,21].

Due to their properties, they can be promising for the creation of
solid-state batteries, supercapacitors, and other electrochemical devices
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on their basis. In order to expand the areas of their practical application,
the search for new materials with predictable parameters is being carried
out in such ways as: (i) the synthesis of qualitatively new materials; (ii)
obtaining new materials by substituting atoms in solid solutions of
already known materials; (iii) production of known materials in such
various forms as ceramics, composites, thin films, etc. It should be noted
that the copper-containing argyrodites were prepared in different forms
such as: composites, ceramics and thin films [22-25].

Superionic ceramics are those materials that can replace single crys-
tals due to their efficiency, manufacturability and economy [26-30].
Ceramic samples based on copper-containing argyrodites began to be
studied by us in Ref. [24]. In this paper, the focus is on creating a ceramic
material based on silver-containing Ag;TSsI (T = Si, Ge) argyrodites. The
electrical properties of Ag;TSsI (T = Si, Ge) crystals and composites
based on them were studied in Refs. [21,31-36]. However, nowadays
there is no information on the study of ceramics based on Ag;TSs! (T = Si,
Ge) compounds, despite the fact that they are promising solid
electrolytes.

Thus, the main aim of this work is to study technologically simple in
the production superionic conductors Ag;TSsI (T = Si, Ge), which are
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Fig. 1. Dependence of size distribution for nanocrystallites of AgSiSsI powder
obtained by grinding in a planetary ball mill for 30 min. The insert shows the
SEM-image of Ag,SiSsI nanocrystalline powder.

characterized by the optimal parameters: high ionic and low electronic
conductivity. Therefore, in this work we have prepare ceramics samples
based on Ag;TSsI (T = Si, Ge) solid electrolytes, study their structural and
electrical properties (temperature and frequency dependences), separate
the contributions of ionic and electronic components of electrical con-
ductivity. Also, we establish the influence of crystallite size on the elec-
trical parameters of obtained ceramics. Obtained electrical parameters of
ceramic samples based on Ag;TSs! (T = Si, Ge) were compared with the
same parameters of single crystals and composites.

2. Methods

Synthesis of Ag;TSsI (T = Si, Ge) was carried out from high purity
elements: silver (99.995%), silicon (99.997%), germanium (99.999%)
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sulfur (99.999%), and pre-synthesized binary argentum (I) iodide in
evacuated to 0.13 Pa quartz ampoules. Agl was additionally purified by
directional crystallization method. First, the synthesis of Ag;TSsI (T = Si,
Ge) bulks was performed. Ampoules with appropriate materials were
slowly (rate of 100 K/h) heated to 723 K and kept for shuttering during
48 h. Further heating was performed to 1230 K at a rate of 50 K/h and
was kept at this temperature for 24 h. The first temperature is required to
prevent explosion of ampoules (due to high vapor pressure of sulfur) and
the second one — for completeness of interaction and mixing of the
components in the melt. Cooling to room temperature was performed in
the oven off mode.

Powders of different dispersion were used for preparing ceramic
samples: (i) microcrystalline powders obtained by grinding in an agate
mortar with an average particle size of ~10-50 pm; (ii) nanocrystalline
powders obtained by grinding in a planetary ball mill PQ-N04 (agate
balls) for 30 min and 60 min with a speed of 200 rpm. It is shown by SEM
studies that at a grinding time of 30 min the average particle size is ~150
nm while at a grinding time of 60 min the average particle size is ~100
nm. Fig. 1 shows for illustration the SEM-image and dependence of size
distribution for nanocrystallites of Ag;SiSsI powder obtained by grinding
in a planetary ball mill for 30 min.

Grinded powders of Ag;TSsI (T = Si, Ge) compounds were investi-
gated using X-ray diffractometer (AXRD Benchtop powder diffractom-
eter, Proto Manufacturing Limited) equipped with hybrid photon
counting detector DECTRIS MYTHEN2 R 1D and operating with Ni
filtered CuKa radiation. XRD powder patterns were collected in the
Bragg-Brentano geometry (©/20 mode), angle scanning range was
10-120° 20 with dynamic ROI (region of interest), and exposition time —
1 s per step (Fig. 2). Comparison of diffractograms (Fig. 2) indicates that
the expansion of lines occurs when particle size decreases.

The obtained micro-and nanocrystalline powders was pressed at a
pressure of ~400 MPa with future annealing at 973 K during 36 h
(heating/cooling rate ~20 K/h). As a result, polycrystalline ceramic
samples were obtained in the form of disks with a diameter of 8 and 10
mm and a thickness of 2-3 mm. The densities of pressed samples after
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Fig. 2. Diffractograms of Ag,SiSsI and Ag;GeSsI powders obtained by grinding in agate mortar and planetary ball mill.
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Fig. 3. Dependences of size distribution for crystallites of Ag;SiSsI and Ag;GeSsl ceramic samples, obtained from powders which were milled in agate mortar and

planetary ball mill.

cold pressing and after sintering of ceramics were determined by the
Archimedes method (hydrostatic weighing). After pressing, the density
of disks obtained from microcrystalline powders was 91 + 1%, while in
the case of nanopowders, its value was 94 + 1%. After annealing, the
density of ceramics prepared from the both micro and nanopowders of
Ag7SiSsI almost did not change and was 95 + 1%, whereas in the case of
Ag7GeSsI during recrystallization the porosity of ceramics increased as
their density decreased to 83 + 1%. The microstructural analysis of ob-
tained ceramic samples and determination of the size of crystallites after
annealing were performed by metallographic microscope METAM-R1
(Fig. 3).

According to the results of the analysis of the obtained microstruc-
tures, histograms of particle size distribution for Ag;TSsI (T = Si, Ge)
ceramic samples, obtained from powders which were milled in agate
mortar and planetary ball mill, were constructed (Fig. 3). It is established
that ceramic samples obtained by sintering nanocrystalline powder are
characterized by a more homogeneous microstructure, characterized by
the distribution of particles in a narrower range, in contrast to the sam-
ples obtained by sintering a microcrystalline powder with a particle size
of 10-50 pm. As a result of recrystallization, the average size of crystal-
lites for ceramics prepared from microcrystalline and nanocrystalline
(obtained by grinding for 30 min and 60 min) powders are ~11 pm,
~5.5 pm, ~3 pm for Ag;SiSs! as well as ~14 pm, ~6.8 pm, ~3.7 pm for
Ag;GeSsl, respectively.

Electrical conductivity studies of ceramic materials based on Ag;TSsI
(T = Si, Ge) solid electrolytes was carried out by impedance spectroscopy
method [34], in frequency and temperature (292-383 K) ranges with
combination of high-precision LCR meters: AT-2818 (10 Hz-3 x 10° Hz
and Keysight E4980A (20 Hz-2 x 10° Hz). It should be noted that the
gold contacts for measurements were applied by chemical precipitation
from solutions [33].

3. Results and discussion

The measured dependences of the total electrical conductivity (o) on
the frequency (Fig. 4) for all investigated ceramic samples are of a typical
behaviour for the solid-state electrolytes [35]: an increase in conductivity
with a frequency is observed. The insert to Fig. 4 shows the dependence
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Fig. 4. Frequency dependences of total electrical conductivity at T = 298 K for
AgSiSsI-based (1-3) and Ag;GeSsI-based (4-6) ceramics with different sizes of
crystallites: (1) 11 pm, (2) 5.5 pm, (3) 3 pm, (4) 14 pm, (5) 6.8 pm, (6) 3.7 pm.
The insert shows the dependence of the total electrical conductivity on the size
of crystallites at 100 kHz for Ag;SiSsI-based and Ag;GeSsl-based ceramics.

of the o; on the dispersion of particles at a frequency of 100 kHz. It is
revealed that at decrease of size of crystallites from 11 pm —5.5 pm— 3
pm the decrease of total electrical conductivity for AgSiSsI-based ce-
ramics is observed. Whereas for ceramics prepared on the basis of
Ag,GeSsI a similar decrease in the size of the crystallites (14 pm — 6.8 pm
— 3.7 pm) causes a slight increase in the total electrical conductivity.
This behaviour of the total electrical conductivity may be associated with
the better recrystallization ability of Ag;GeSsI compared to that of
AgSiSsl.

Detailed studies of frequency behavior of the total electrical con-
ductivity, its separation into ionic (6jon) and electronic (c¢]) parts was
performed using a standard approach of electrode equivalent circuits
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Fig. 5. EEC and Nyquist plots for Ag;SiSsI-based ceramics with different crystallite sizes: (a) 12 pm for temperatures (1) 298 K; (2) 323 K; (3) 373 K; (b) 5 pm for
temperatures (1) 333 K; (2) 353 K; (3) 373 K; (c) 3 pm for temperatures (1) 298 K; (2) 323 K; (3) 373 K. Experimental data correspond to the solid dots, calculated data

correspond to the open dots.

(EEC) [37-39] by an analysis of Nyquist plots (Z'-Z" coordinates). The
parasitic inductance of the cell (~2 x 108 H) is taken into account
during the analysis of all samples.

Ceramic samples prepared on the basis of Ag;SiSsI are characterized
by a very low value of electronic component of electrical conductivity
(6ion>>0e1), Which led to the shift of the low-frequency semicircle into
the low-frequency region, which is evidence of the influence of diffusion
and relaxation of ionic processes. Unfortunately, due to the low-
frequency limitation (10 Hz) of studies, it was not possible to deter-
mine the electronic conductivity of ceramic samples in the entire tem-
perature range under study (for ceramics with average size of crystallites
5 pm at temperatures less than 333 K, and for ceramics with average size
of crystallites 3 pm in the all studied temperature range).

For AgySiSsI ceramic samples with an average crystallite size of 11 pm
and 5.5 pm (Fig. 5a and b), the presence of two semicircles is charac-
teristic, whereas in the case of ceramics with 3 pm crystallite size (Fig. 5¢)
only a low-frequency part and high-frequency semicircle are observed.
The high-frequency semicircles (Fig. 5a and b) are not clearly

represented, so it is more correct to call them not semicircles, but high-
frequency sections of the low-frequency semicircle. Low-frequency
semicircles and a low-frequency part correspond to the diffusion relax-
ation processes at the electrode/crystal boundary. It is reflected on the
EEC by the capacity of the double diffusion layer Cq; with serial resistance
of the grain boundaries of Rgp, characterized by the capacity Cgp (for
ceramic samples with an average crystallite size of 5.5 pm and 3 pm)
(Fig. 5b and c), and in the case of Ag;SiSs! ceramic with a crystallite size
of 11 pm (Fig. 5a) sequentially to the capacity of the double diffusion
layer Cq; included is Warburg element of Wy, responsible for diffusion
within the latter.

High-frequency sections for ceramic samples with an average crys-
tallite size of 5.5 pm and 3 pm correspond to the processes determined by
the resistance of intra-grain boundaries (represent the domain bound-
aries within an individual microcrystallite, the nature of the formation of
which may be associated with the presence of small-angle boundaries
formed during the recrystallization process under the influence of in-
ternal strains), which is marked by Rqp on the EEC (Fig. 5b, c), and in the



LP. Studenyak et al.

Journal of Solid State Chemistry 309 (2022) 122961

1.5x10° L !
a
(a) » (b)
4| . N i o
2.0x10 B’ P . 1.0x10°} Iy ]
e g 10 4 —~
— N N {1z 2x10" |- <) i
<} ’ N 1/ — 4
h lx10? Ux10 5 g
N Y 5.0x10°} .
/00 5210
I % #x10° 71 () Bx10° w10 % 4x10° 7' () 8x10° T T
4 0.0 L L
2 1x10° - 0.0 50x10°  1.0x10°  1.5x10°
o O i
OoOo OooO OOOZO(QC)OO
o) Re Rgbe fe) 5 O Re Rgbe 0
o %o
3 OOO OOO%
4 4
1x10° '
8.Ox10° | o () -
g o
& &
B $‘2x10'
~ g
G 5x10° = H
:-’ N
N 1x10'
4.0x10° |- 1 .
/0 1
0 0 ) 7' (Q) 1x10
0 5x10° @) 1x10°
0O OO0
0R° Rgbe ©o :
]
g ° Coy
0.0 1 1
0.0 4.0x10° 8.0x10°

Z'(Q)

Fig. 6. EEC and Nyquist plots for Ag;GeSsl-based ceramics with different crystallite sizes: (a) 14 pm; (b) 6.8 pm; (¢) 3.7 pm for temperatures (1) 298 K; (2) 323 K; (3)
373 K. Experimental data correspond to the solid dots, calculated data correspond to the open dots.

case of ceramics with an average crystallite size 11 um (Fig. 5a) high-
frequency sections (the end of the region of the low-frequency semi-
circle) is determined by the presence of resistance of the grain boundaries
Rgp, characterized by a capacity of Cgp. Consequently, the ionic con-
ductivity of Ag;SiSsl-based ceramics with an average crystallite size of
5.5 pm and 3 pm is determined by the sum of the resistance of grain
boundaries Ry, and the resistance of the intra-grain boundaries Rgp, and
in the case of ceramics with average size of crystallites 11 pm (Fig. 5a) is
determined by the sum of R, and the resistance limiting the ion diffusion
Wr.

For ceramic samples with a crystallite size of 11 pm and 5.5 pm ele-
ments responsible for the electronic conductivity component are
included on EEC parallelly to the elements responsible for ion processes.
In the case of ceramics with a crystallite size of 11 pm, this is the elec-
tronic resistance R, and in the case of a ceramic sample with a crystallite
size of 5.5 pm, the electronic resistance of the grain boundaries Rgpe is
additionally included, which is characterized by a capacity of Cgpe.

Let us consider the results of temperature studies. It is shown that
with increasing temperature, the increase of electronic conductivity

gradually eliminates the influence of diffusion ionic processes at the
boundaries of ceramics crystallites, as demonstrated by the decrease of
the representation of mentioned above high-frequency section at 323 K
(Fig. 5, curve 2). With further elevation of temperature up to 373 K
(Fig. 5, curve 3) there is a further reduction of the influence of diffusion
ionic processes, which, together with the decrease in the thickness of the
double diffusion layer, and the complete disappearance of the high-
frequency semicircle.

Ceramics prepared on the basis of Ag;GeSslI are also characterized by
very low values of the electronic part of total electrical conductivity, so
the limitation of the frequency range (10 Hz) also did not allow to
establish its value in the following temperature ranges: 14 pm (293-303
K); 6.8 pm (293-353 K); 3.7 pm (293-333 K).

For all Ag;GeSslI-based ceramics in the above-mentioned temperature
ranges a rectilinear section is observed in the low-frequency region on
the Nyquist plots (inserts to Fig. 6). However, in the temperature ranges
of 303-373 K, 353-373 K and 333-373 K, due to the increase in the value
of the electronic component of electrical conductivity, this section de-
generates into a low-frequency semicircle (Fig. 6). One can observe a
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Fig. 8. (a) Dependences of ionic and electronic components of electrical conductivity at T = 298 K on the size of crystallites for Ag,SiSsI-based (1) and Ag,GeSsI-based
(2) 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 of
ionic component of electrical conductivity on the size of crystallites for Ag;SiSsI-based (1) and Ag;GeSsI-based (2) ceramics.

very weak high-frequency semicircle in the high-frequency region, which
may be more appropriate to take as a high-frequency section. If we
consider the EEC, then the low-frequency sections and/or semicircles
correspond to the capacitance Cqj, as in the above mentioned Ag;SiSsl-
based ceramics. Increasing the frequency (medium frequency range) al-
lows observing the influence of the grain boundaries of ceramics, which
is reflected on the EEC by the included resistance Rg, with parallel
capacitance Gy, (Fig. 6) responsible for the ionic component of conduc-
tivity at the crystallite boundaries. The included resistance Rqp, and
capacitance Cqp, which determine the ionic processes at the intra-
crystalline boundaries, are responsible for the high-frequency semicircles
(sections) on the EEC. Thus, the ionic component of electrical conduc-
tivity of AgyGeSsl ceramics is determined by the sum of 1/Rgp and 1/Rgp.

The elements R, (electronic resistance) and Rgpe/Cdve (e€lectronic
resistance of the intra-grain boundaries/capacitance), included in EEC,
corresponds of electronic component of electrical conductivity. These
elements contribute to the representation of both semicircles on Nyquist
plots (Fig. 6). Therefore, the electronic component of the electrical
conductivity of solid solutions is determined by the sum of 1/Rgpe and 1/
Re.

The analysis of impedance spectra made it possible to investigate the
temperature dependence, as well as to study the influence of the size

factor on the ionic and electronic components of the conductivity of
Ag;SiSsI-based and Ag;GeSsl-based ceramics.

It is established that the temperature dependences of the ionic con-
ductivity (Fig. 7a) are linear and are described by the Arrhenius law,
which confirms the thermoactivating character of conductivity. There-
fore, the temperature dependences of the latter allowed determining the
corresponding values of activation energy. While there is no reliability in
the Arrhenius behaviour of the electronic component of electrical con-
ductivity (Fig. 7b), due to the impossibility of its determination in the
entire studied temperature range. The only exception is Ag;SiSsI-based
ceramic with a crystallite size of 11 pm, for which the determined value
of the activation energy of electronic component of electrical conduc-
tivity is 0.739 eV (Fig. 7b, curve 1). As a result, the temperature de-
pendences of the electronic component of electrical conductivity were
used only to estimate its value at a temperature of 298 K, by linearization
(Fig. 7b).

Fig. 8a shows the dependences of both components of electrical
conductivity on the size of crystallites in ceramic samples based on
Ag;SiSsl (Fig. 8a, curve 1) and AgyGeSsl (Fig. 8a, curve 2) solid elec-
trolytes. It is established that the decrease in the size of crystallites leads
to a monotonous reduction both ionic and electronic components of
electrical conductivity, while their ratio monotonously increases, which
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Table 1

Values of ionic 6., and electronic 6 components of electrical conductivity as
well as their ratio 6;,,/0¢ for crystal, composite and ceramic samples of Ag;TSsl
(T = Si, Ge) solid electrolytes.

Materials Ag;SiSs1 Ag;GeSs]

Gion (S/  ©6a (S/ Gion/Cel Gion (/06 (S/ Gion/Cel
cm) cm) cm) cm)

Crystals 813 x  8.32x 9879 7.98 x  6.86 x 116292
1073 1077 [33] 1072 1078 [34]

[33] [33] [34] [34]

Composites 2.96 x 2.90 x 10.2 1.60 x 3.60 x 444444
104 10°° [32] 103 10°° [36]

[32] [32] [36] [36]

Ceramics 39.3 x 123+ 3195+ 223 x  1.06+ 21038+
1073 0.02 x 52 (11 1073 0.05 x 995 (14
a1 107° um) 14 107° pm)
pm) (11 pm) pm) (14 pm)

Ceramics 12.3 x 2.07+ 59420+ 6.48 x 1.94+ 334021+
1073 0.08 x 2300 1072 0.01 x 1722 (6.8
(5.5 1077 (5.5um) (6.8 1078 pm)
pm) (5.5 pm) (6.8

pm) pm)

Ceramics 9.83 x - - 1.81 x 1.58+ 114557+
1073 1073 0.14 x 10231
(3 pm) 3.7 1078 (3.7 pm)

pm) (3.7
pm)

Frequency dependencies of total electrical conductivity Ag;TSsI (T = Si, Ge)
based ceramics and dependencies of ionic part of electrical conductivity on
crystallite size.

is observed for Ag;SiSsI-based ceramics. As the size of the crystallites
decreases, there is an increase in the number of grain boundaries, which
usually causes a decrease in electrical conductivity. But the studied ma-
terials Ag7TSsI (T = Si, Ge) belong to a mixed conductors (ion — electronic
conductors), for which the dependence of the change in the conductivity
components, depending on the size of the crystallites, is not proportional
(the changes aren't equivalent). It is shown that microcrystalline ce-
ramics have the highest values of ionic conductivity, but the electronic
component is also quite high. At the same time, the value of ionic con-
ductivity of ceramics prepared from nanopowders is not inferior to the
previous one, but has a very low electronic component. In Ag;GeSsl-
based ceramics (insert to Fig. 8a, curve 2), a significant decrease in the
electronic component of electrical conductivity and a slight decrease in
the ionic component led to a maximum at the corresponding ratio of ~3
x 10° times.

A slight decrease in activation energy with decreasing crystallite size
is observed on the dependence of the activation energy of ionic con-
ductivity on the average size of crystallites (Fig. 8b, curve 1) for Ag;SiSslI-
based ceramics. At the same time, the activation energy of ionic con-
ductivity for Ag;GeSsl-based ceramics increases with decreasing the
crystallite size (Fig. 8b, curve 2).

As it shown in Refs. [40,41], the combination of the micro- and
macro-defects (inevitably formed in recrystallization process during
annealing) and disordered crystal structure of Ag;TSsI (T = Si, Ge)
compounds (presence of a mobile cationic sublattice and rigid anionic
frame) leads to a change in the appearance of the dependences of the
Nyquist plots for samples of different dispersion (Figs. 5 and 6) and
causes the corresponding behavior of the total electrical conductivity
(Fig. 4), its ionic and electronic components (Fig. 8a), and is determining
for the nature of thermoactivation behavior (Fig. 7a and b) of ceramic
materials based on Ag;TSsI (T = Si, Ge) compounds.

During the process of cold pressing in the crystallites mechanical
stresses appears. These stresses will be greater the larger are the size of
the crystallites in the initial powders from which the pressing was per-
formed. During the annealing process, the mechanical stresses decrease,
but the result is the formation of defects within the microcrystallites, and
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a further solid-phase diffusion causes the process of recrystallization
(aggregation of crystallites). This causes the "movement" of defects from
the "center" of the original crystallites to their boundaries, i.e. a larger but
strongly defective crystallite is formed. It is already known that the
presence of defects can lead to an increase in the ionic component of
electrical conductivity, which is possible and occurs in this case. Perhaps
that in the case of Ag7SiSsI and Ag;GeSsl there is a fact that the influence
of defects that promote ion transport prevail the influence of the
boundaries of "recrystallized crystallites" (ceramics made of microcrys-
talline powders). While for ceramics made of nanocrystalline powders,
for which the number of defects is smaller from the beginning, the
increasing number of grain/intra-grain boundaries is the predominant
factor.

Finally, let us compare the values of ionic and electronic conductiv-
ities, as well as their ratio for crystal, composite and ceramic samples of
Ag7TSsI (T = Si, Ge) (Table 1). It is seen that the ionic conductivity of all
Ag;SiSsl-based ceramics is greater than that of crystal and composite
ones. However, in the case of AgyGeSsl-based ceramics, more in com-
parison with the crystal, the value of the ionic component of electrical
conductivity is observed only for the material with an average crystallite
size of 14 pm. Despite the fact that in ceramic samples the ionic con-
ductivity decreases with decreasing crystallite size, however, due to a
more significant reduction in electronic conductivity, the ratio 6j,n/0el
increases and for a ceramic sample with an average crystallite size of 5.5
pm (Ag7SiSsI) and 6.8 pm (AgyGeSsI) becomes larger than for the
crystals.

Thus, the carried out comparative analysis testifies to the prospects of
application of superionic ceramics instead of crystals and composites in
devices of solid-state ionics due to their greater manufacturability and
economy.

4. Conclusions

The synthesis of AgyTSsI (T = Si, Ge) solid electrolytes as well as
preparation of ceramic samples on their base were carried out. For the
ceramic samples preparation, the micro- and nanocrystalline powders
obtained by grinding in an agate mortar as well as in a planetary ball mill
were used. The structural studies of micro- and nanocrystalline powders
were performed by XRD and SEM techniques, while the annealed ceramic
discs were investigated by optical microscopy method. The frequency
dependences of total electrical conductivity of ceramic samples were
measured applying a two-electrode technique on gold contacts by
impedance spectroscopy method in temperature interval 292-383 K.

The frequency dependences of the total electrical conductivity were
analysed by the Nyquist plots by electrode equivalent circuits approach.
As a result, total electrical conductivity of Ag;TSsI-based ceramics was
separated into ionic and electronic components. It is revealed that the
decrease in the size of crystallites leads to monotonous reduction of ionic
conductivity. Established that the dependences of ionic and electronic
components in Arrhenius coordinates are linear, which confirms the
thermoactivating character of electrical conductivity.

The comparative analysis of electrical parameters for crystal, com-
posite and ceramic samples of Ag;TSsI (T = Si, Ge) solid electrolytes has
shown that the ceramics more applicable than the crystals and compos-
ites for developing of solid-state batteries not only due to the high ionic
conductivity, but due to their greater manufacturability and economy.
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