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Abstract. Micro- and nanocrystalline powders were prepared by grinding of pre-
synthesized AgePSsl in an agate mortar and a planetary ball mill, which were further
investigated using XRD and SEM methods. Appropriate ceramic materials in the form of
disks with a relative density of (91...94) + 1% of the theoretical one were made using
the cold pressing method for the obtained powders with subsequent annealing at the
temperature 923 K. The values of the ionic and electron components of the total electrical
conductivity were obtained analyzing the corresponding frequency dependences of the total
electrical conductivity on the Nyquist plots using electrode equivalent circuits. It has been
ascertained that reduction of crystallite sizes in AgsPSsl-based ceramic materials leads to a
slight increase in ionic conductivity and a significant increase in the electronic one,
resulting in a decrease of the ratio between them.
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1. Introduction

In recent years, research has been carried out on the
transition from traditional Li* ion batteries to All-Solid-
State Batteries (ASSBs), in which the liquid electrolyte is
replaced with a solid-state ionic conductor. Solid-state
electrolytes have a number of advantages, they are non-
flammable, have a less reactivity to air and battery
electrodes [1-5]. Application of solid-state electrolytes
not only increases the safety of batteries, but also helps to
increase their manufacturability. Therefore, studies of
ceramic materials as solid-state electrolytes for their
application in batteries are actively performed [6-9].
Widespread commercial application of ASSBs is limited
to the search for suitable materials with high values of
ionic conductivity in the solid state at room temperature.
Among the promising compounds, the representatives of
argyrodites — complex ternary or quaternary chalco-
genides and chalcohalogenides — are highly attractive.
Argyrodites always contain two cations (Me* and E™,
where n = 3...5) and are united by a similar structural
motif are worth mentioning [10, 11]. The structural motif
of argyrodites is a close packing of tetrahedra based on a
multicharged cation E™ (rigid anionic sublattice), in the
voids of which there are single-charged cations Me" with

different coordination (linear, trigonal, tetrahedral)
[10-12]. Along with different coordination, single-
charged cations have different site occupancy factor of
crystallographic positions, which defines its disorder.
Simultaneous coexistence of the rigid anionic framework
and disordered cationic sublattice ensures the mobility of
Me* ions and relates the argyrodites to superionic
conductors [12-15].

The ternary and quaternary argyrodites based on
four and five valence elements E™ are the most studied
ones. They are characterized by a variety set of
properties: optical [16-18], superionic [19-23] and
thermoelectric [24, 25]. However, among various
argyrodites Ag’-containing phases with relatively high
ionic conductivity in the solid state and high chemical
resistance, as compared to the Li*-containing compounds
[26-30], should be mentioned. AgePSsl crystallizes in the

cubic crystal system F43m (No 216) and lattice
parameters: a = 10.4745 A, Z =4 [30]. Studies of the
electrical conductivity of AgePSsl in the polycrystalline
form (obtained using the solid-state synthesis) [26] and
monocrystalline samples (crystallization from solution-
melt) [30] indicate a high solid-state conductivity. The
total electrical conductivity of AgePSsl obtained in
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polycrystalline form is 1.2:107*S/em (300 K), and for
monocrystalline samples the ionic and electronic conduc-
tivity components constitute 1.79-10~ and 1.64-107° S/cm
(298 K), respectively. As reported in [18], optical absorp-
tion edge of AgePSsl crystals has an exponential shape
and the optical pseudogap is 2.138 eV [18].

This paper is aimed at ascertaining the influence of
the recrystallization process on the change of electrical
properties of AgsPSsl-based ceramics prepared from
micro- and nanocrystalline powders of different
dispersion.

2. Experimental

Synthesis of AgePSsl was carried out from stoichiometric
amounts of elemental silver (99.995%), phosphorus
(99.99%), sulfur (99.999%), and pre-synthesized binary
Agl, additionally purified using the directional
crystallization method, in evacuated silica ampoules
(0.13 Pa). The synthesis regime included a stepped
heating up to 723 K at the rate close to 100 K/h
(exposure during 48 h), a further temperature increase up
to 1100 K at the rate 50 K/h and ageing at this
temperature for 24 hours. The cooling to room
temperature was performed in the oven off mode.

Micro- and nanocrystalline powders obtained by
grinding in agate mortar and planetary ball mill PQ-N04
at the speed 200 rpm for 30 and 60 min, respectively,
were used for preparation of AgsPSsl ceramics. To
ensure the appropriate granulometric composition,
powders obtained by grinding in an agate mortar were
sifted through a sieve with the pore size close to 20 pm.
AgsPSsl powders obtained by grinding were studied
using powder XRD (AXRD Benchtop, Ni-filtered CuKa
radiation, Bragg-Brentano geometry, 6/20 mode, 20
scanning angle range 10...90° with dynamic region of
interest and exposure 1 s) and SEM technique (powders
obtained using grinding in planetary ball mill PQ-NO04).

Our analysis of experimental powder patterns
(Fig. 1) indicates that powders obtained by grinding in a
ball mill are characterized by a significant broadening of
the peaks in comparison with microcrystalline powder
AgsPSsl, which is a characteristic of nanoscale objects.
Also, the appearance of new reflexes and displacement of
already existing ones on the powder patterns of samples
ground in a planetary ball mill (Fig. 1) is not observed.
This indicates that long-term grinding does not cause a
change in the crystal structure and degradation of
nanopowders. The results of optical microscopy studies
(METAM-R1) showed that the sizes of crystallites
obtained by grinding in an agate mortar are within
~10...20 pm. Unfortunately, the average size of
crystallites in the powder could not be ascertained with a
sufficient accuracy, which is caused by its low reflective
ability. The analysis of SEM images showed that the
average size of crystallites obtained by grinding in a ball
mill is indicative of sizes close to ~150 nm (30 min) and
~100 nm (60 min), respectively, which can be seen from
the corresponding histograms of particle size distribution

(Fig. 2).
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Fig. 1. XRD patterns of micro- and nanocrystalline AgePSsl
powders.
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The disks with a diameter of 10 mm and a thickness
of 2..3 mm were prepared by cold pressing of the
corresponding micro- and nanocrystalline powders at the
pressure close to 400 MPa. AggPSsl-based ceramics was
obtained by the annealing of these disks at 923 K for 36 h
(heating / cooling rate 20 K/h). The corresponding
temperature is ~60 K lower than all thermal effects on
the AgsPSsl DTA curve [30]. This should maximally
promote the recrystallization process [31], and not just
the solid-state annealing of powders. Recrystallization
should contribute to increasing the efficiency of ion
transport by reducing the number of intercrystalline
boundaries, it will also lead to an increase in the
mechanical stability of the obtained ceramic materials
[32, 33].

It was ascertained using the hydrostatic weighing
method that the relative density of disks (before
annealing) pressed from microcrystalline powders
constitutes 91 + 1%, while in the case of nanocrystalline
powders its value is 94 + 1% of the theoretical one. It is
noteworthy that the recrystallization did not cause an
increase/decrease in the porosity of ceramics, as
evidenced by similar values of density, which were
determined in the materials after annealing.

The prepared ceramic materials were investigated
using the microstructural analysis with the metallo-
graphic microscope METAM-R1 (Fig. 3) in order to
determine the size of crystallites after annealing.
According to the results of microstructural analysis,
particle size distribution histograms for different time of
grinding were plotted (Fig. 3). It was ascertained that
ceramic samples obtained by sintering the nano-
crystalline powders are characterized by a more homo-
geneous microstructure characterized by the distribution
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Fig. 2. Histograms of particle size distribution for AgsPSs| powders obtained by grinding in the planetary ball mill.

of particles in a narrower range, in contrast to the
samples obtained by sintering the microcrystalline
powder with the particle sizes of 10...20 um. As a result
of recrystallization process, the average size of
crystallites for ceramics obtained from microcrystalline
powder is ~8.2 um, and from nanocrystalline powders
obtained by grinding for 30 and 60 min is ~5.6 and
~3.3 pum, respectively.

The electrical conductivity studies of AgePSsl-
based ceramic materials were performed using
impedance spectroscopy [34], within the frequency
(1-10%...3-10° Hz) and temperature (293...383K) ranges
with the high-precision LCR meter AT 2818. The
amplitude of alternating current was equal to 10 mV.
Measurements were carried out using the two-electrode
method with blocking (electron) gold contacts. Gold
contacts for measurements were applied by chemical
precipitation from solutions (293 K) [20, 21]. The
analysis of obtained dependences by using the Nyquist
plots was performed with the ZView 3.5 program.

3. Results and discussion

The frequency dependences of the total electrical
conductivity for AgePSsl-based ceramic materials
(Fig. 4) are typical, which is manifested in the increase of
electrical conductivity with frequency. This is one of the
characteristic features, which indicates the presence of
ionic conduction. However, it should be noted that the
above-mentioned growth is insignificant, i.e., occurs only
within one order, which is obviously caused by the
relatively high values of electron component of the
electrical conductivity.

It was found that the decrease in size of crystallites
82 — 5.6 — 3.3 um (insert to Fig. 4) causes a slight
increase in the total electrical conductivity that is deter-
mined at the frequency 100 kHz. For a detailed analysis
of frequency behavior inherent to the total electrical
conductivity in order to determine the contributions of
ionic and electron conduction, a standard approach using
electrode equivalent circuits (EEC) [34-36] was used.

gy ~82mm & ~ 5.6 pm N ~33pum
= N Ag.Ps, § AgPS,| N\ Ag,PS,|
3 (agate mortar) | (Ball milling (Ball milling
© 30 min) \60 min)
\ \
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Fig. 3. Histograms of crystallite size distribution for AgePSs| ceramic samples obtained by sintering the micro- and nanocrystalline

powders.
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Fig. 4. Frequency dependences of the total electrical con-
ductivity for AgePSsl-based ceramic materials: 1 — 8.2, 2 — 5.6,
3 — 3.3 um. The insert shows the dependence of total electrical
conductivity (f = 100 kHz) on the size of crystallites (T = 298 K).

This includes analysis of frequency dependences on
Nyquist plots. The parasitic inductance of the cell
(~2-10"® H) is taken into account during this analysis.

Ceramics made of micro- and nanocrystalline
AgePSsl powders are characterized by a mixed ionic-
electronic type of electrical conduction, like to that of
single crystals of the corresponding composition [30].
For all ceramic materials, two semicircles (Fig. 5) within
the temperature range ~293...353 K are observed, except
for ceramics with a crystallite size of 8.2 pm (Fig. 5a,
curve 1), for which three semicircles are observed.
Frequency behavior of electrical conductivity for all the
ceramics could be explained using single EEC (Fig. 5).
For low-frequency semicircles in the Nyquist plots, the
capacitance of double diffusion layer Cg with
sequentially included parameters Ry,/Cg, (resistance and
capacitance of grain boundaries) is responsible. These
parameters, in turn, are responsible for the end of the
low-frequency semicircle, and in the case of ceramics
with the crystallite size 8.2 um (Fig. 5a, curve 1) cause
the appearance of a medium-frequency semicircle. The
appearance of the latter (Fig.5a, curve 1) can be
explained by clearer grain boundaries formed during the
annealing of microcrystalline powders and a wider range
of crystallite distribution in contrast to that in ceramics
pressed from nanocrystalline powders (Fig. 3).

For high-frequency semicircles (Fig. 5, curves 1 and
2) in the Nyquist plots of all cases, the resistance and
capacitance of intracrystalline boundaries (Rq,/Cq,) are
responsible, which can be considered low-angle domains.
Their formation is most likely facilitated by sintering the
crystallites with different crystallographic orientation.

Above 353 K, all these materials are characterized
by the presence of only one semicircle in the Nyquist
plots (Fig. 5, curve 3). In this case, the above parameters
responsible for the resistance and capacitance of grain
and intracrystalline boundaries represent the high-
frequency section of the semicircle. The degeneracy of
two semicircles into one is primarily associated with the
growth of the electronic component of electrical
conductivity.
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Fig. 5. EEC and Nyquist plots for AggPSsl-based ceramics with
different dispersion: (a) 8.2 pum, (b) 5.6 um, (c) 3.3 um;
1 -298 K, 2 - 323 K, 3 — 373 K. Experimental data are
designated with the filled circles, and the calculated ones — with
the blank circles.
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Fig. 6. Temperature dependences of ionic and electronic
components of electrical conductivity for AggPSsl-based
ceramics.

Thus, the ionic component of electrical conductivity
is determined by the sum of the resistances responsible
for the grain and intracrystalline boundaries of ceramic
materials. In parallel with the above-described ionic
processes, the electronic resistance R, which is
responsible for the electronic component of electrical
conductivity, was introduced into EEC.

The performed analysis of impedance spectra made
it possible to study the temperature dependence of
components of electrical conductivity and to ascertain the
influence of size effect on the change in ionic and
electronic conductivity. The temperature dependences of
the electronic and ionic components of electrical
conductivity in the Arrhenius coordinates are shown in
Fig. 6. It was found that for all the ceramic materials
made on the basis of Age¢PSsl they are linear, which
indicates the thermal activation nature of electrical
conductivity. This provided an opportunity to calculate
the activation energies of both components providing the
electrical conductivity.

It was ascertained that the decrease in the size of
crystallites 8.2 — 5.6 — 3.3 um (Fig. 7a) leads to a
monotonous increase in the values of both ionic and
electronic components of electrical conductivity,
and if the value of ionic conductivity increases within
3.86:10*...4.54-10*S/cm, the value of the electronic
component increases by more than an order of
magnitude. It results in a monotonous decrease in the
ratio between the components of electrical conductivity
(insert to Fig. 7a).
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Fig. 7. Dependence of ionic, electronic conductivity (a) (T =
298 K) and their activation energies (b) on the dispersion of
AgePSsl-based ceramic material. The insert shows the ratio
between the components of electrical conduction (T = 298 K).
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Fig. 7b shows the dependence of the activation
energy of the ionic and electronic components of
electrical conduction on the size of the crystallites. There
is a monotonous decrease in the activation energies of
both components inherent to the electrical conduction.
This behavior of electrical conduction components and
their activation energies can be partially associated with a
decrease in porosity by 3+ 1% (for ceramics with the
crystallite sizes of 8.2 — 5.6 um), which, as described
above, was determined by the hydrostatic weighing.
However, further reduction in the crystallite sizes of
AgePSsI ceramic to 3.3 um does not lead to a change in
porosity, while the values of electrical conduction
components continue to increase, and their activation
energies decrease (Fig. 7). Probably, the main factor is
the different recrystallization ability of micro- and
nanocrystalline powders. Namely, the sintering of larger
size (~10...20 pm) crystallites can cause a less degree of
recrystallization, as compared to nanocrystalline powders
with an average crystallite size of ~150 and ~100 nm.
This can result a tendency that the decrease in a
crystallites size of initial powders will lead to a decrease
in the number of distinct intercrystallite boundaries and,
accordingly, cause the increase of “blurred” boundaries.
Undoubtedly, reducing the number of boundaries with a
distinct surface separation will contribute to the increase
in the values of both components of electrical conduction
and the reduction of their activation energies.

4. Conclusions

Superionic conductor AgePSsl was synthesized from the
melt and further was grinded to a micro- and
nanocrystalline powders. XRD studies showed that the
grinded AgsPSsI powders aren’t prone to degradation.
For grinded in ball mill powders, a significant
broadening of the diffraction peaks was observed, which
is typical for nanoscale objects. The AgsPSsl-based
superionic ceramics in the form of disks with the
diameter 10 mm and thickness 2...4 mm were obtained
using the solid-state sintering method of microcrystalline
and nanocrystalline powders.

Using the optical microscopy method, it was
established that the size of the crystallites after sintering
of different size powders stay within the range of 8.2 to
3.3 um. Using the impedance spectroscopy method, the
measurement of total electrical conductivity was carried
out within the temperature 293...383 K and frequency
1-10%...3-10° Hz ranges on the corresponding ceramic
materials. It has been ascertained that the decrease in
crystallite sizes 8.2 — 5.6 — 3.3 um causes a slight
increase in the total electrical conductivity. The electrical
conduction was further separated into ionic and
electronic components by analyzing the Nyquist plots by
using EEC. It has been ascertained that prepared AgsPSs!
ceramics are characterized by a mixed ion-electronic type
of electrical conduction.

It was ascertained that a decrease in the crystallite
sizes (8.2 — 3.3 um) of ceramics corresponds to a certain
increase in the values of both the ionic and electronic

components of electrical conduction. The increase in the
values of the electronic component of electrical
conduction is more significant than that of the ionic
component. This leads to a decrease in the ratio between
the components of electrical conduction. It has been
ascertained that the temperature dependences of the
electrical conductivity components are subject to the
Arrhenius equation, which allowed us to determine the
corresponding activation energies for all ceramic
materials. A decrease in the values of corresponding
activation energies for both components of electrical
conduction has been observed. This behavior of
components of electrical conduction and their activation
energy can be related to the increase in the number of
intercrystalline  boundaries (“blurred”) during the
recrystallization of different dispersion powders.
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BruiuB po3mipiB KprcTaJiTiB Ha eJIeKTPUYHI BJIACTHBOCTI KepaMiuHHX MaTepiaJiB Ha ocHOBi AQgPSs|

A L Horoain, 1.O. lenpaep, M.I. ®inen,O.1I1. Koxan, O.1. Cumkanuy, T.0O. Manaxoscbka, JI.LM. Cyciikos,
II. KonuaHcbKHi

Anotaunis. IlnaxoM po3MenroBaHHSA TONEpPENIHBO CHHTe30BaHOTO AQsPSsl B araToBiif cTymii Ta IutaHeTapHOMY
KyJIbOBOMY MJIHHI OJIEpKaHO MIKpO- Ta HAHOKPHUCTANIIYHI MOPOMIKH, $AKi B IOJATBIIOMY TOCTIIDKCHO 3
BukopucTtaHHsaM MeroniB XRD Ta SEM. MeTomoMm XOJOZHOTO NMPECYBaHHS ONIEPKAHHUX ITOPOIIKIB 3 TMOJANBIIAM
BianasoM npu temneparypi 923 K BHTrOTOBIIEHO BiJNOBiAHI KepaMiyHi Marepianud y (opMi TUCKIB 3 T'yCTHHOIO
(91...94) £ 1% Bin TeopeTnuHOi. 3HAUCHHS IOHHOI Ta EJEKTPOHHOI CKIIAJOBHUX 3arajibHOI €JIEKTPONPOBITHOCTI
OJIep)KaHO IUIIXOM aHaNi3y BIANOBIAHMX YAaCTOTHHX 3aJIeKHOCTEH 3arajibHOI eNeKTPOINPOBITHOCTI Ha Jiarpamax
HaiixBicTa 3 BUKOPUCTaHHSM €KBIBAJICHTHHX CXEM €JIEKTPOJIiB. Y CTaHOBIECHO, [0 3MEHIIEHHS PO3MipiB KPUCTAJIITIB
KepaMiuHHX MaTepialliB, BUTOTOBJICHUX HA 0CHOBI AQgPSsl, mpuBoauTh 10 HE3HAYHOTO 3pOCTaHHS 10HHOT CKJIAJI0BOT
Ta CYTTEBOTO 3POCTAHHS EJIECKTPOHHOI CKIAJOBOI NMPOBITHOCTI, IO BHKJIMKAE 3MEHIICHHS CIiBBiIHOIICHHS MIDX
HHUMHU.

KJiro4uoBi cjioBa: apripoaur, CynepioHHUH MPOBITHKUK, KepaMika, iIMIIeJaHCHA CTIEKTPOCKOTTis, SICKTPOIPOBIIHICTS.
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