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OF (Cu;_,Ag,)7GeS;I MIXED CRYSTALS

Impedance measurements of (Cui—q Age )7 GeSs I mized crystals are carried out in the frequency
range from 10 Hz to 300 kHz and in the temperature interval 292-383 K. The temperature and
frequency dependences of the electrical conductivity for (Cui—gAgs )7 GeSsI mized crystals are
studied. Based on the analysis of Nyquist plots and using the electrode equivalent circuits, the
values of ionic and electronic components of the electrical conductivity are determined. The
compositional behavior of the ionic and electronic conductivities, as well as the compositional
behavior of their activation energies, are discussed. The ratio of ionic and electronic compo-
nents of the conductivity for (Cui—zAgz )7 GeSsI mized crystals was analyzed.
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1. Introduction

Recently, much attention of researchers has been
drawn to searching and investigating the new materi-
als for their use in modern devices for the production,
conversion, accumulation, and storage of energy [1-
4]. Among such materials, a significant role is played
by superionic materials with the structure of the ar-
gyrodite, which include germanium-containing com-
pounds Me;GeSsI (Me = Cu, Ag) [5, 6]. On the basis
of argyrodite, new types of batteries, high-capacity
capacitors, ionistors can be created, etc. The wide
possibilities to substitute atoms in argyrodites al-
low one to conduct a purposeful search for solid-
electrolytic materials with high operational param-
eters. At present, the influence of atomic substitu-
tion processes in cationic and anionic sublattices in
phosphorus-containing argyrodites (for example, [7—
9]) is well studied. In addition, much attention is paid
to the production of argyrodites in the form of com-
posites, ceramics, and thin films [10-13]. It should be
noted that, in recent years, along with Li-containing
argyrodites (e.g., [14-19]) K-containing argyrodites
begin to be investigated [20]. The investigation of the
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growth, and structural, electrical, and optical prop-
erties of Ge-containing argyrodites were carried out
in [21-24]. In [25], it was established that the elec-
trical conductivity of (Cu;—_,Ag,)7GeSsI mixed crys-
tals with the increase of silver content nonlinearly de-
creases, while the activation energy had shown the
nonlinear compositional dependence and achieved a
maximum for (Cug sAgos5)7GeSsI mixed crystal. In
[25], a good interrelation between structural and elec-
trical properties in (Cuj_,Ag,)7GeS5I mixed crystals
was shown. Thus, the compositional dependence of
the maximal distance between the moving positions
being a limiting factor for the migration of cations was
in a good agreement with the compositional depen-
dence of the activation energy. In addition, the site
occupation factor for mobile atoms in mixed crys-
tals increases, which causes a decrease of their mo-
bility and electrical conductivity [25]. In [26], it was
shown that the presence of a domain structure can
influence the electrical properties of argyrodites. The
nature of the domains may be associated with the
presence of a mosaic crystal texture. In this case, the
domain boundaries represent a structural inhomogen-
ity, which manifests itself in the disorientation of the
texture elements <1° [27]. However, a detailed anal-
ysis of the compositional behavior of electrical prop-
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erties of (Cuj_,Ag,)7GeSsI mixed crystals, namely
ionic and electronic components of the electrical con-
ductivity and their activation energies has not been
carried out so far. Thus, the aim of this paper is
to investigate the influence of the cation substitu-
tion on ionic and electronic conductivities, as well
as on their activation energies for (Cuj_,Ag,)7GeSs5I
mixed crystals.

2. Experimental

(Cuy_pAg,)7GeSsI mixed crystals were grown by
the vertical zone crystallization method described in
[25]. The identification of the above-mentioned com-
pounds was carried out with powder method using
the diffraction patterns measured by a DRON 4-07
diffractometer (conventional 6 — 26 scanning method,
Bragg angle 20 = 10-60°, Ni-filtered CuKa radia-
tion). The diffractograms of (Cuj_,Ag,)7GeSsI com-
pounds were indexed as a face-centered cubic cell
with the space group F-43m, the number of formula
units per unit cell Z = 4. Investigation of the elec-
trical conductivity of Cu;GeSsI and Agy;GeSsI crys-
tals, as well as for (Cuj_,Ag,)7GeSsI mixed crys-
tals with « = 0.25, 0.5, 0.75 was carried out by
impedance spectroscopy [28], in the frequency range
from 10 Hz to 300 kHz and the temperature in-
terval 292-383 K using a high-precision LCR me-
ter AT-2818. The amplitude of the alternating cur-
rent constituted 10 mV. The measurement was car-
ried out by the two-electrode method, on blocking
(electronic) gold contacts. Gold contacts for measure-
ments were applied by the chemical precipitation
from solutions [28].

3. Results and Discussion

For Cu;GeSsI and Ag;GeSsI crystals, as well as
for mixed crystals (Cuj_,Ag,)7GeSsI mixed crystals
with = 0.25, 0.5, 0.75, the measured dependences
of the total conductivity on the frequency are pre-
sented in Fig. 1. It is shown than an increase in the
conductivity with a frequency is observed, being char-
acteristic of materials with ionic conductivity in the
solid state [29]. For the detailed studies of the fre-
quency behavior of the electrical conductivity and
its separation into ionic and electronic components,
a standard approach using electrode equivalent cir-
cuits (EEC) [30, 31], and their analysis on Nyquist
plots was used. The parasitic inductance of the cell
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Fig. 1. Frequency dependences of the total electrical conduc-

tivity at T = 298 K for (Cui—5Ags)7GeSsI mixed crystals:

CurGeSsI (1), (Cug.75A80.25)7GeSs1 (2), (Cup.5Ag0.5)7GeSs1

(8), (Cuo.25A80.75)7GeSs1 (4), and AgrGeSsI (5)
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Fig. 2. Nyquist plots for CuyGeSsl crystal at 298 K (1),

323 K (2), and 373 K (3): experimental data (solid symbols),
modeled (calculated) data (open symbols), and EEC

(~2 x 1078 H) is taken into account during the anal-
ysis of all samples. In the studied frequency range,
two semicircles are observed on the Nyquist plots
for both Cu;GeSsI and Ag;GeSsI crystals, as well
as for (Cu;_,Ag,)7GeSsI mixed crystals. During the
analysis of the frequency behavior of Cu;GeSsI crys-
tal in Z’ — Z" coordinates, it was established that
Oion < 0¢1. The processes of ionic diffusion within the
double diffusion layer take place in the low-frequency
region, which is reflected on EEC by means of suc-
cessively included elements W, (ion diffusion) and
Cy (capacity of the double diffusion layer), respec-
tively. The resistance of the domain boundaries R
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Fig. 8. Nyquist plots for (Cug.75Ag0.25)7GeSsI (a) and
(Cuo.5Ag0.5)7GeSsI (b) mixed crystals at 298 K (1), 323 K
(2) and 338 K (3): experimental data (solid symbols), mod-
eled (calculated) data (open symbols), and EEC

is responsible for the high-frequency semicircle. Thus,
the ionic conductivity of Cu;GeSsI crystal is deter-
mined by the sum of the diffusion resistance Wy — R
and the resistance of the domain boundaries Rg. In
parallel to the elements corresponding to the ionic
processes, the electronic resistance R, is included
in the EEC. It determines the electronic component
of the conductivity, and contributes to the nature
of both observed semicircles (Fig. 2). It should be
noted that (Cuj_,Ag,)7GeSsI mixed crystals with
x = 0.25, 0.5 are characterized by a more complex
and disordered structure, which influenced the ap-
pearance of Nyquist plots, being manifested in the
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change of a shape and the ratio of the semicircles di-
mensions (Fig. 3).

This, first of all, is associated with a change in
the ratio between ionic and electronic conductivities
(Gion ~ 0q) with cationic Cut<+>Ag™ substitution,
which is caused by structural changes in the process of
mixed crystals formation. For (Cu0_75Ago,25)7GeS5I
(Fig. 3, a) and (Cug.5Ag0.5)7GeS51 (Fig. 3, b) mixed
crystals, the character, shape, and the ratio of the di-
mensions of semicircles in the Nyquist plots indicate
a decrease in the electronic component of the con-
ductivity in comparison with Cu;GeSsI crystal. The
low-frequency semicircles in the Nyquist plots corre-
spond to diffusion relaxation processes at the elec-
trode/crystal boundary and the electronic conduc-
tivity displayed on the EEC by the capacity of the
double diffusion layer C; connected in parallel to the
electronic resistance R, (Fig. 3). In addition, in the
process of cationic Cu™<«sAg™ substitution during the
transition from (Cug 75Ag0.25)7GeSsI mixed crystal
to (Cug.5Ago.5)7GeSsI mixed crystal, there is an ob-
vious tendency to shift the low-frequency semicircle
into the low-frequency region, which may be asso-
ciated with the increasing influence of diffusion ionic
processes in connection with decrease of the electronic
component of the conductivity and, as a result, with
the increase in the time of ionic relaxation. High-
frequency semicircles, in their turn, correspond to
the processes of ionic conductivity at the boundaries
of domains, which are reflected by the ionic resis-
tance Rg, with parallelly connected capacity of do-
main boundaries Cg. In parallel to the elements cor-
responding to the bulk ionic processes, the electronic
resistance R, is included in the EEC (Fig. 3). The
ionic conductivity on EEC is determined by the re-
sistance of domain boundaries Ry, and the electronic
conductivity is determined by the resistance R.. Fur-
ther increase in the content of Ag' ions during the
transition from (Cug.25Ag0.75)7GeSs] mixed crystal
to Ag7GeSs] crystal leads to the complication of EEC
selected for the description of experimental results
(Fig. 4).

This is associated with a significant decrease in
the electronic component of the conductivity, since,
for (Cug.o5Ag0.75)7GeSsI mixed crystal, gion > e,
and, for Ag;GeSsl crystal, g, > 0. In this re-
gard, the electronic component of the conductiv-
ity was determined only in the temperature range
of 313-383 K. As can be seen from Fig. 4, low-
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Fig. 4. Nyquist plots for (Cug.25Ag0.75)7GeSsI (a) mixed
crystal at 323 K and Ag7GeSsI (b) crystal at 313 K (1), 343 K
(2) and 373 K (3): experimental data (solid symbols), modeled
(calculated) data (open symbols), and EEC

frequency semicircles are further displaced into the
low-frequency region, which is the evidence that the
influence of the diffusion and relaxation ionic pro-
cesses dominates. This, in turn, leads to a fuzzy rep-
resentation of high-frequency semicircles. Thus, the
low-frequency semicircles in the Nyquist plots corre-
spond to the capacity of the double diffusion layer Cy
with parallelly included electronic resistance R.. Due
to the decrease of the electronic component of the
conductivity, EEC is complicated by the presence
of the electronic resistance of domain boundaries
Rape with parallelly included capacity Cgpe. High-
frequency semicircles, in turn, can be described by
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Fig. 5. Compositional dependences of the ionic conductiv-
ity and maximal distance between the moving positions of
CuT(Agt) in the conductivity “net” for (Cui—zAgs)7GeSs51
mixed crystals at T = 298 K (a). Compositional depen-
dences of the electronic conductivity and the ratio oion/cel
for (Cui—zAgs)7GeSsI mixed crystals at T = 298 K (b)

the ionic resistance of domain boundaries Rg,; with
parallelly included Ry;Cgp;, which are determining
for the ionic resistance of domains and the capac-
ity of domain boundaries. Additionally, parallel to
them, the electronic processes, which are described
earlier, occur. As a result, the ionic conductivity is
determined by the sum of the resistances Rg; and
R4, and the electronic conductivity is determined
by R. and Rgpe, respectively. The temperature stud-
ies have shown that with temperature increasing,
the increase of the electronic conductivity gradually
eliminates the influence of diffusion ionic processes
at the boundaries of crystal domains, as evidenced
by the decrease of the high-frequency semicircle at
323 K (Figs. 3 and 4, curve 2). With a further in-
crease of the temperature up to 373 K (Figs. 3 and
4, curve 8), there is a further reduction of the in-
fluence of diffusion ionic processes, which, together
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and electronic (b) conductivities for (Cui—;Ags)7GeSsI
mixed crystals: CuyGeSsI (1), (Cug.75Ag0.25)7GeSsI (2),
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with the decrease in the thickness of the double dif-
fusion layer, eventually leads to the complete disap-
pearance of the high-frequency semicircle. The anal-
ysis of impedance spectra made it possible to investi-
gate the temperature and compositional behavior of
the ionic and electronic components of the conductiv-
ity of (Cuj_,Ag,;)7GeSsI mixed crystals. It was es-
tablished that the compositional dependence of the
ionic conductivity is nonmonotonous and nonlinear
(Fig. 5, a), which is reflected in the presence of a min-
imum of the CODduCtiVity for (Cu0_25Ago,75)7GeS5I
mixed crystal (5.43 x 1075 S/cm), whereas the ionic
component of the conductivity for CuyGeSsl crystal
at 298 K is 6.85 x 1073 S/cm, which is comparable
with the corresponding value for Ag;GeSsI crystal
(7.98 x 1072 S/cm). This is caused by the growth of
maximal distances between the moving positions of
Cu™(Ag™) in the conductivity “net” [7], which is one
of the limiting factors of the migration of cations in
the crystal (Fig. 5, a). Instead, the electronic con-
ductivity value, which, for Cu;GeSsI crystal, consti-
tutes 7.35 x 1072 S/cm, in the process of cationic
Cut <« Ag™ substitution decreases monotonously and,
for Ag;GeSs1 crystal, is ~6.86x 1078 S /cm (Fig. 5, b).

Since one of the main characteristics of superionic
materials is the ratio of the ionic conductivity to the
electronic one, we show, in Fig. 5, b, its concentra-
tion dependence. It was found that, in the process of
cationic Cu™ <+ Ag™ substitution during the transition
from the Cu;GeSsl crystal, for which the electronic
conductivity is 10 times higher than the ionic one to
the Ag;GeSsI crystal, the ratio oion/0e tends to a
monotonous growth, and, for Ag;GeSsI crystal, the
ionic conductivity is more than 10° times greater than
the electronic conductivity. Figure 6 shows the tem-
perature dependences of the ionic and electronic com-
ponents of the conductivity in the Arrhenius coordi-
nates. It is established that they are linear and are
described by the Arrhenius law, which confirms the
thermoactivating character of the electrical conduc-
tivity. With their help, the activation energies were
determined, both for the ionic and for the electronic
components of the conductivity (Fig. 7).

On the compositional dependence of the activa-
tion energy of the ionic conductivity, a nonlinear
growth was revealed, which reaches a maximum of
0.768 eV for (Cu0.25Ag0_75)7GeS5I mixed crystal. A
growth of the activation energy of the ionic conductiv-
ity in mixed crystals compared to Cu;GeSsI crystal
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(Eaion) = 0.175 eV) and AgyGeSsl crystal (Eq(ion) =
= 0.258 €V) is associated with increasing influence of
the compositional disordering, namely reducing the
mobility of positions Cu™(Ag™), as indicated by the
growth of the site occupancy factor (SOF) (Fig. 7, ¢)
[7], which hinders the process of ionic transport. At
the same time, the activation energy of the elec-
tronic conductivity also increases nonlinearly dur-
ing the transition from Cu;GeSslI crystal (E e =
0.094 eV) to AgzGeSs1 crystal (Eg ey = 1.505 eV), al-
though without visible features (Fig. 7).

4. Conclusions

The vertical zone crystallization method was em-
ployed for the growth of (Cu;_,Ag,)7GeSsI mixed
crystals, which belong to the cubic syngony F-
43m. The frequency and temperature impedance
studies were performed in the frequency range from
10 Hz to 300 kHz and in the temperature interval
from 292 K to 383 K. The ionic and electronic com-
ponents of the total electrical conductivity were deter-
mined from the Nyquist plots due to the constructed
electrode equivalent circuits. The carried out temper-
ature studies allowed to calculate the values of the
activation energies of ionic and electronic conductiv-
ities. With the help of compositional dependences,
it is established that, under Cu—Ag cation substi-
tution, the ionic conductivity in (Cui_,Ag,)7GeSs1
mixed crystals nonlinearly changes with a minimum
at x = 0.75, whereas the electronic conductivity de-
creases monotonously. It should be noted that the ac-
tivation energy of ionic conductivity under Cu—Ag
cationic substitution, on the contrary, changes non-
linearly with a maximum at x=0.75, and the activa-
tion energy of electronic conductivity increases non-
linearly without any features. The anomalous behav-
ior of the ionic conductivity and its activation en-
ergy are associated with the influence of the com-
positional disordering and the peculiarities of the
structural reorganization of the cationic sublattice in
(Cuy—Ag,)7GeSsI mixed crystals. Finally, it is es-
tablished that, with an increase in the content of Ag
atoms in (Cuy_,Ag,)7GeSsI mixed crystals, the ratio
of the ionic conductivity to the electronic one oo, /el
increases, and, for Ag;GeSsI crystal, the ionic con-
ductivity is more than 10° times greater than the elec-
tronic conductivity. This opens up promising ways
for the use of Ag;GeSsI crystals as high-performance
solid electrolytes.
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A.I Ilozo0in, B.I. Cmydensx,
M.H. ®inen, O.II. Koxan, I.II. Cmydensx, I1. Kyc

BIIJIMB KATIOHHOI'O 3AMIIINEHHA
HA IOHHYV I EJIEKTPOHHY ITPOBIJHICTDB
TBEPAUX PO3YUNHIB (Cuj—_;Ag,)7GeSs1

Ha MOHOKPHCTAJIIYHUX  3pasKax TBEPAUX PO3YnHIB
(Cui—zAgy)7GeSs1 Gynu nposeeni iMmmeancHi BUMipIoBaHHS
y aiamazoni wacror Big 10 'y mo 300 kI'n ta B inTepBasi
remreparyp 292-383 K. Bupueno temmneparypuy i gacro-
THY 3aJIE?KHOCTI €JIEKTPOIIPOBITHOCTI TBEpAUX PO3UMHIB
(Cui—zAgs)7GeSs1. Ha ocuoBi anasizy amiarpam Haiiksicra
Ta 3 BUKOPDUCTAHHSIM €JIEKTPOIHUX €KBIBAJIEHTHUX CXeM OyJin
BCTAHOBJIEHI 3HA4YeHHsI IOHHOI Ta e€JEeKTPOHHOI KOMIIOHEHT
eJIEKTPONpoBigHOCTI. JOC/IiI?KEHO KOHIIEHTPAIiiHy TOBEIIHKY
iOHHOT Ta €eJIEKTPOHHOI IPOBIHOCTI, & TAKOXK KOHIIEHTPAIliii-
HY IIOBEJiHKY BiamoBimuHmx eHepriii aktuBariit. [Ipoana-

JII30BAHO CHIiBBiHOIIEHHs 1OHHOI Ta €JIEKTPOHHOI KOMIIO-

HEHT eJIEKTPOIPOBiIHOCTI
(CU1 ,zAgx)7GeS5I.

JJIs1  TBEPAUX PO3YHHIB CKJIaLy

Katwwoei caoea: 3MilIaHi KPUCTAJIH, €JIEKTPOIIPOBIIHICTD,

niarpama HaiikBicTa, eHeprig akTuBallil, KOHIEHTpaIliiiHa

3aJIE?KHICTb.
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