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Abstract.  Charge-discharge  processes in  solid electrolyte  heterostructures
Ag|Ag; «(Ge; Py)SsI|Se with different Ge/P ratios were investigated. It was shown that
heterovalent substitution of Ge* by P> in the argyrodite structure significantly affects the
ionic conductivity, relaxation time, and polarization effects at the electrode—electrolyte
interface. Using galvanostatic cycling and measuring current-voltage characteristics, the
dependences of the parameters of U(f) on the composition and cycle number were
established. The diffusion coefficients, Ag" ion mobility, ionic resistance, and transference
numbers were determined, confirming the predominantly ionic nature of charge transport
(tion = 0.994...0.999). Comparison of the charging and discharging curves revealed an
asymmetry of charge accumulation and release processes, associated with formation and
decomposition of Ag,Se phase as well as interfacial polarization. The obtained results
demonstrate high ionic conductivity and stability of the compositions with partial
substitution of Ge by P, indicating the promise of Ag; «(Ge, (Py)SsI heterostructures for
applications in solid-state electrochemical devices.
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1. Introduction

Silver-based superionic conductors are particular among
solid electrolytes due to their unique combination of high
ionic conductivity, structural stability, and possibility of
fine-tuning of their properties through isomorphic and
heterovalent substitutions. Application of such conductors
is considered in the field of solid-state electrochemical
devices, ranging from low-power energy sources and
sensors to prototypes of solid-state batteries and next-
generation energy storage systems. Of particular interest
are solid ionic conductors based on argyrodites of the type
AgsMXsHal (M = Ge, Si, P; X =S, Se; Hal = Cl, Br, 1),
owing to their high ionic conductivity and potential for
use in advanced electrochemical devices. These materials
are characterized by a high degree of structural disorder
in the Ag" cation sublattice. This disorder results in low
activation energies for ionic transport and provides ionic
conductivities 6 ~ 107...10* S/cm at room temperature
[1-6]. Such ionic conductivity values are comparable to or
even higher than those of liquid electrolytes, opening pros-
pects for developing solid-state batteries, sensors, and
electrochemical cells with improved stability and safety.

Ag;GeS;l occupies an important place in this class
of materials and is considered as a model compound for
studying mechanisms of ionic charge transport. Its struc-
ture is characterized by partially occupied silver sites and
a well-developed system of diffusion pathways [7]. The
ionic mobility of Ag" in this compound is defined by the
degree of structural disorder and the energy landscape,
which makes it possible to finely adjust the transport
properties through chemical modifications. One of the
most effective modification methods is heterovalent
substitution of Ge*" by P*", leading to formation of solid
solutions Ag; (Ge;_Px)SsI [8, 9]. Such substitution not
only alters the local symmetry and volume of the silver
migration channels but also affects the concentration of
vacancies involved in transport. In this way, heterovalent
defects are introduced and the configuration of the silver
cation sublattice is modified. Such substitutions enable
control over the degree of disorder, the concentration of
vacancies, and the activation energy of ionic transport.
As a result, significant changes in both the magnitude
and the temperature dependence of ionic conductivity are
observed, as demonstrated by a number of experimental
and theoretical studies [8, 10, 11].
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Measurements of frequency and temperature
dependences of impedance in Ag; «(Ge; 4Py)SsI have
shown that an increase in the phosphorus content can
lead to enhanced ionic conductivity and reduced
activation energy [8, 12] due to an increase of the density
of free sites for Ag" migration as well as changes in the
local symmetry and volume of conducting channels [8].
These effects are associated with enhancement of
structural disorder and optimization of diffusion
pathways for Ag” ions. Furthermore, phase transitions
and structural rearrangements upon temperature variation
were found to be directly linked to the peculiarities of
silver transport in the argyrodite structure [10].

Studies using diffraction and spectroscopic methods
confirmed correlation between the distribution of silver
ions and the changes in the electrical properties upon
doping [12]. Investigations of the electrical properties of
Ag; (Ge_Py)Ssl solid solutions by impedance spectro-
scopy made it possible to separate the contributions of
bulk conductivity, grain boundaries, and interfacial tran-
sitions [8,13]. It was shown that heterovalent substitution
of Ge*" by P°" in Ag;_(Ge,_P,)Ss] causes non-monotonic
dependence of the ionic conductivity on the composition.
The highest ionic conductivity value, Gj,, = 5.83- 102 S/em
(298 K), was obtained for Agg75(Po25Geg75)SsI [14]. The
lowest activation energy of transport, £, = 0.069 ¢V, was
recorded for Agg s(PysGes)Ssl [14]. These values exceed
the conductivity of the individual compounds AggPS;I
and Ag;GeSsl, confirming the positive effect of
heterovalent substitution.

Impedance spectroscopy revealed specific features
of charge transport, showing that Ag; (Ge; Py)SsI
ceramics belong to mixed ionic-electronic conductors
with 6;,, >> 0. Nyquist plots indicate presence of two
types of boundaries, namely “sharp” grain boundaries
with high resistance and “diffuse” boundaries and
“bridges” between grains having lower resistance. Thus,
the total conductivity is defined by both bulk ionic con-
duction and transport through the intergranular regions.

Comparison of ceramics obtained from microcrys-
talline and nanocrystalline powders showed that a
decrease in the average crystallite size to ~100...160 nm
in nanopowders was accompanied by an increase in ionic
conductivity. Recrystallization led to formation of micro-
and intergranular defects (microcracks, micropores),
which affected the electrical parameters. Nevertheless, a
stable increase in o©;, compared to the initial
microcrystalline powder-based samples was observed.
For Aggs(PosGeys)Ssl, the conductivity increased from
3.62:10° to 3.84-10°S/cm with decreasing the
crystallite size as a result of recrystallization [13].

Overall, Ag; «(Ge;_Py)SsI ceramics exhibit the
conductivity values comparable to or even exceeding
those of single-crystal AggPSsI and Ag;GeSsI. The
greatest improvements in ¢ are associated with optimized
compositions (x = 0.25...0.5) and reduced grain size
while maintaining phase homogeneity [12—14]. It was
found out as a result of these studies that: (i) the elec-
trical properties of the Ag;_(Ge_Py)Ssl strongly depend

on its composition, which is related to changes in
vacancy concentration and the degree of disorder in the
Ag’ sublattice; (i) heterovalent substitution of Ge*" by
P> enables record-high ionic conductivities (up to
5.83-10 S/cm at 298 K); (iii) microstructure plays a key
role, namely reduced crystallite size and controlled
recrystallization enhance ionic transport; (iv) ceramic
samples have a potential for practical applications in
solid-state electrochemical devices, since they combine
high ., with relative moisture stability [8, 12—14].

Therefore, superionic materials of Ag;_((Ge;_4Py)Ssl
family represent a promising platform for developing
solid-state electrochemical cells. Their high ionic
mobility, tunable by composition, together with compa-
tibility with chalcogenide electrode materials (e.g., Se
and Ag,Se), open new ways for designing energy-
efficient devices with controlled charge-discharge
processes, in particular solid-state electrochemical devices
and energy storage systems. Fully solid-state electro-
chemical devices (SSEDs) can provide enhanced safety, a
wide electrochemical stability window, and compact
form factors compared to their liquid electrolyte counter-
parts [15-18]. Implementation of these advantages
depends on solid electrolytes (SEs) that must combine
high ionic conductivity at room temperature with good
interfacial compatibility and processability.

In addition to charge transport, interfacial chemistry
critically determines practical behavior of superionic
elements. In chalcogenide electrodes, Ag" exchange may
lead to formation of silver chalcogenides (e.g., Ag,Se) at
buried interfaces, altering charge transfer kinetics,
interfacial resistance, and cycling stability. Thermo-
dynamic and electrochemical studies of Ag—Se systems
consistently indicate formation of Ag,Se under electro-
chemical driving forces, meaning that Ag|SE|Se cells
serve as a useful model platform for studying coupled
phenomena of ionic transport and interphase formation in
Ag-ion-based elements [19-21]. Studies of solid-state
galvanic and electromagnetic compatibility as well as
recent investigations of thin films support this
mechanistic picture.

Despite significant progress in the study of crystal
chemistry and ionic conductivity of these materials, open
questions regarding influence of structural defects, degree
of heterogeneity, and mechanical stresses in poly-
crystalline samples on their electrical properties still
remain. In particular, charge-discharge processes in
electrochemical cells based on these solid electrolytes, as
well as the effect of anode and cathode materials on the
stability of interfacial boundaries, are still insufficiently
explored.

In this work, we report on the charge-discharge
behavior of a solid-state electrochemical cell fabricated
using a superionic ceramic electrolyte Ag;_.(Gei_Py)SsI
and an intermediate selenium film serving as a cathode.
Inclusion of the Se interlayer enables realization of a
heterostructure that promotes efficient ionic conduction
and a specific distribution of electric potential within the
cell architecture. The study is aimed at understanding the
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electrophysical properties of such superionic materials in
electrochemical systems as well as identifying their
behavior under current flow in a potentiostatic regime.
Correlating composition with transport metrics and
electrode polarization provides insights into how the
Ge/P ratio influences Ag’ conduction pathways and the
dynamics of interfacial reactions, including the tendency
to form Ag—Se interphase. Such findings are essential for
designing  silver-based  solid-state  electrochemical
devices. These devices exploit argyrodite chemistry to
balance high ionic conductivity with stable low-
resistance interfaces, thereby advancing silver-based
solid-state electrochemical technologies.

2. Experimental
2.1. Sample preparation

To fabricate heterostructures based on solid electrolytes
Ag; (Ge_P,)SsI, the end members Ag¢PSsI and
Ag;GeS;sl as well as their solid solutions with the compo-
sitions (x = 0.75, 0.5, 0.25), namely Agg5Pg.75Geg25Ss5],
Age5PosGegsSsl, and Age75P025Geg 75551, were
synthesized. Similarity of the lattice parameters of the
AgePSsI and Ag;GeSsI [22-24] enables preparation of
solid solutions on their basis. Initially, Ag¢PSsI and
Ag,GeSsI were synthesized in evacuated (to 0.13 Pa)
quartz ampoules. The synthesis was carried out from
elementary Ag (99.995%), P (99.99%), S (99.999%) and
Ge (99.99%) and pre-synthesized Agl taken in
stoichiometric ratios. The technological conditions for
the synthesis of the solid solutions Ag;_.(Ge;_P,)SsI are
described in [12, 23]. As a result, bulk solid solution
samples of Ag;_.(Ge;_P,)SsI (x = 0.75, 0.5, 0.25) with a
mass of about 20 g were obtained.

For preparing superionic ceramics, the synthesized
materials were ground in an agate mortar and sieved
through a 10 um mesh. The obtained powders were
pressed in disks 10 mm in diameter and 1 mm thick by
cold pressing at 25 °C under a pressure of 400 MPa. To
obtain ceramic materials, the pressed disks were annealed
for 36 h at 650 °C in quartz ampoules evacuated to
0.13 Pa [12]. This treatment led to recrystallization of the
micropowders of the respective composition and formation
of a ceramic structure. The surfaces of the ceramic disks
were subsequently polished. These disks were then used
to fabricate -electrochemical cells based on solid
electrolytes from superionic ceramics Agr_(Ge;_Py)Ssl.

Silver was used as the anode, since silver ions
are the charge carriers in the superionic ceramics
Ag; (Ge_«Px)SsI [12]. For this purpose, silver paste was
applied to one polished surface of the superionic solid
electrolyte disks using a micropipette, forming a uniform
layer with a thickness several tens of micrometers. After
application, the samples were thermally treated at
120...150 °C for 20...30 min in air to remove the organic
binder and to fix the silver layer. As a result, dense,
adhesive silver electrodes with low contact resistance
were formed on the disk surfaces, ensuring reliable
electrical contact between the superionic material and the
external measuring leads.

Se film

SEMHV: 00KV | WD:1500mm
SEMMAG: 73x Det: BSE 500 pm

SEMMAG: 73x _ Date{midy): 085425

Fig. 1. Cross-sectional images (fractured surface) of the
“Ag|SE|Se” structure based on AggsPysGeysSsI ceramics
obtained by (a) optical microscopy and (b) scanning electron
microscopy (SEM).

A selenium film was used as the cathode. The
selenium film was deposited by thermal evaporation in
vacuum from ground vitreous selenium onto the second
polished surface of the superionic solid electrolyte disks
of Ag;_«(Ge;_P,)SsI. The film thickness was measured
on a witness sample (a selenium film on a transparent
sapphire substrate deposited in the same cycle) by an inter-
ferometric method using a MII-4 interference microscope.
The selenium film thickness was found to be 8.2 (+0.2) um.
Subsequently, a 50 nm thick gold layer was deposited on
top of the selenium film by magnetron sputtering.

As a result, Ag|Ag; «(Ge;_xPy)SsI|Se (“Ag|SE|Se”,
where SE  denotes the superionic electrolyte
Ag; «(Ge|_«Py)Ss]) structures were fabricated. The cross-
sectional images of such a structure are shown in Fig. 1.

To ensure reliable electrical connection of the
electrochemical cells to the measuring equipment,
current-collecting pads were formed on the Ag and Au
film surfaces. Copper wires were used as leads and were
attached to the metallic films with conductive silver
adhesive, which provided stable electrical contact,
ensured connection of the cell to a potentiostat, and
minimized interfacial resistance.

The fabricated Ag|SE|Se electrochemical cells were
used for measuring galvanostatic charge-discharge
curves, studying compositional dependence of the
characteristic parameters governing the charge-discharge
behavior in the Ge*' < P*" substitutional series, and
recording the current-voltage characteristics (CVC) of
the Ag|SE|Se cells.

All the measurements were carried out in a two-
electrode configuration at room temperature using an
Autolab PGSTAT302F potentiostat/galvanostat (Metrohm
Autolab B.V.). The experimental protocols were
controlled by a Nova software. Galvanostatic cycling was
performed under a constant current simultaneously
recording the cell voltage as a function of time. The CVC
were measured in potentiostatic mode under linear
voltage sweep conditions. The obtained charge-discharge
profiles and 7 =f(V) curves were used to analyze the
mechanisms of Ag’ ion transport in the superionic
electrolyte, to evaluate influence of the chemical
composition (Ge*" <> P>* substitution) on the reaction
kinetics, and to determine the electrochemical
characteristics of the investigated heterostructures.

Bilanych V.S., Slyvka A.A., Vorobiov S.1. et al. Charge-discharge processes in solid electrolyte heterostructures ...

068



SPQOEQO, 2026. V. 29, No 1. P. 066-079.

3. Results and discussion
3.1. Structure and chemical composition of the
Ag|SE|Se electrochemical cell

The real structure of the Ag|SE|Se cell was investigated
using a TESCAN VEGA scanning electron microscope.
The chemical composition and elemental distribution
were analyzed by energy-dispersive X-ray spectroscopy
(EDS). Figs 2a-2d show SEM images of the fractured
surface of the superionic ceramic disk.

It can be seen that the ceramic microstructure is
highly inhomogeneous, containing crystallites of various
sizes and micropores formed during recrystallization. The
structure exhibits both distinct grain boundaries with
sharp interfaces and continuous “bridges” connecting
neighboring crystallites. Figs 2c and 2d also demonstrate
that the selenium film uniformly covers the polished
ceramic surface, confirming formation of a hetero-
Jjunction across the entire surface of the superionic disk.

Elemental distribution maps and the chemical
composition in the vicinity of the Se|SE heterostructure
were obtained using energy-dispersive X-ray analysis
(Figs 3 and 4). As can be seen from Fig. 3, the elemental
distribution inside the crystallites and in the intercrystal-
line regions is nearly identical. On the fresh fracture surface
of the electrochemical cell, a small amount of silver was
also detected in the selenium film at its interface with the
superionic ceramic. This indicates that silver atoms
diffused into the selenium film during storage of the
electrochemical cells at room temperature under daylight
exposure. It is well known that diffusion of Ag along thin
Se films leads to formation of Ag,Se crystallites [25-28].
As a result, a selenium layer with silver admixture is
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Fig. 2. Structure of the Ag|SE|Se cell: (a¢) SEM cross-sectional
scan of the Se|SE|Ag heterostructure; (b) SEM image of
the fresh fracture surface of Agg 5Py sGey sSsL; (¢) SEM image of
the fresh fracture surface of the SE|Se heterostructure;
(d) elemental distribution map near the SE|Se heterostructure.

formed, exhibiting electronic conductivity. Consequently,
a junction is created between pure selenium (p-type
semiconductor) and selenium with silver admixture
(n-type semiconductor), i.e., a p-n junction is formed.
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Fig. 3. Elemental distribution maps across the cross-section of the SE|Se heterostructure region.
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Fig. 4. Results of energy-dispersive X-ray analysis of the chemical composition in the vicinity of the Se|SE contact in the AgsPS;I-

based electrochemical cell.

3.2. Operation principle of the
Ag|Agr_«(Ge_P,)SsI|Se electrochemical cell

In the investigated electrochemical cells, ionic con-
ductivity and reversible electrochemical reactions occur
at the interfaces. The silver electrode (Ag) acts as a source
of ionically mobile component Ag". The solid electrolyte
Ag7 «(Ge_«Py)SsI exhibits superionic conductivity due to
the high mobility of silver ions in its crystal lattice. Its
main function is to provide Ag" transport from the silver
electrode to the opposite electrode. The selenium electrode
(Se) serves as a cathode, where silver ions can be interca-

lated leading to formation of compounds of the Ag,Se type.

During charging, a positive potential is applied to
the silver electrode. Under this bias, silver atoms are
oxidized:

Ag > Agt +e . )

The Ag" ions migrate through the superionic
electrolyte Ag;_.(Ge;_P,)SsI towards the Se cathode. At
the SE|Se interface, they are reduced:

2Ag™ +2¢” +Se — Ag,Se. )

As a result, Ag,Se crystallites are formed at the
SE|Se interface and within the selenium film [25].

During discharge, upon reversal of the external
potential, the opposite process becomes thermodyna-
mically favorable. The Ag,Se phase decomposes:

Ag,Se —>2Ag* +2¢” +Se. 3)

The released Ag™ ions migrate back into the solid
electrolyte and diffuse toward the silver electrode, where
they are reduced:

Agt+e > Ag. 4

Therefore, silver is redeposited at the anode, while
the selenium electrode is released from the intercalated
ions. The overall operation of the cell is governed by an
entirely solid-state mechanism, in which Ag’ ions
migrate through the solid electrolyte, while electrons
move through the external circuit. The key reversible
process determining the charge-discharge characteristics
is the formation and decomposition of Ag,Se at the SE|Se
interface.

3.3. Galvanostatic charge-discharge cycles

Cyclic measurements of voltage-time dependence U(¢) of
the solid-state electrochemical cells based on superionic
electrolytes Ag;_ (Ge;_4P,)SsI with varying Ge/P ratios
were carried out under a constant charge-discharge current
of /=1 mA. The experiments were performed using an
AUTOLAB PGSTAT302N potentiostat/galvanostat. Fig. 5
presents the charge-discharge characteristics of the cells
for five consecutive cycles. As can be seen from Fig. 5,
the voltage monotonously increases with charging time,
while its growth rate gradually decreases at longer times.
Substitution of Ge* by P°* leads to an increase in the
voltage absolute values as well as changes in the slope of
U(f) during charging. The charging curves demonstrate a
decelerating growth: during the first few minutes of
charging (10 min in total), the voltage rises sharply and
then gradually approaches a quasi-linear region with a
weak slope. These linear segments are most clearly
observed for the compositions Agg75Pg25Geg75SsI and
AgssPysGegsSsI. The evolution of the charge-discharge
curves with cycling strongly depends on the Ge/P ratio.
For the samples (a), (d), and (e), the rate of the voltage
increase at the end of charging decreases with the cycle
number. For the sample (b), the growth rate remains
almost constant across all the cycles. In contrast, for the
sample (c), the voltage rise becomes significantly faster
at increasing the cycle number.

Analysis of the charging curves over five cycles
shows that the experimental dependences U(f) can be
best approximated by a sum of exponential and linear
functions as follows:

U(e)= (U - Ape™ )+ (k-1 + ). (5)

Here, U, is the limiting voltage approached at long
charging times, A4, is the amplitude of the exponential
growth, 1 is the characteristic relaxation time, & is the
coefficient describing the linear voltage increase with
time, associated with slow irreversible processes
(polarization, charge accumulation at interfaces, or
diffusion limitations), and b is the offset constant (initial
value of the linear contribution at # = 0), respectively.
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Table 1. Fitting parameters of the U(¢) dependences for the cells in the fifth charging cycle.

Chemical composition Uy, V Ay, V 1,8 k, Vs b,V
1 | Ag;GeS;sl 0.212 0.175 27.1 0.33-10° 0.203
2 | Ager5Po25Geg7sSsI 0.315 0.236 32.6 2.79-10° 0.318
3 | AgesPosGeysSsl 0.317 0.168 40.4 15.5-10° 0.320
4 | AgeasPo75GegasSs] 0.36 0.072 67.7 0.67-10° 0.359
5 | Ag¢PSsl 0.405 0.055 74.1 0.60-10° 0.404

For a more accurate determination of the fitting
parameters, each experimental dependence U(f) was
decomposed into its exponential and linear components.
Fig. 6 presents the measured experimental curve together
with its exponential and linear contributions for the
Age.sPosGegsSsI cell.

In a similar manner, the dependences U(f) were
decomposed and approximated for other cycles
and for various Ag; ((Ge; P,)SsI compositions. Table 1
summarizes the approximation parameters of the U(f)
dependences for all the cells in the fifth charging cycle.
Fig. 7 presents the dependences of the approximation
parameters of the charging curves U(f) for the 5th

charging cycle on the chemical composition of
Ag7—x(Gel—xPx)SSI~
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Fig. 6. Charging curves of the cell. a) Experimentally measured
dependence U(?) (1), together with its exponential (2) and linear
(3) components for the Agg P, sGeysSsI cell. b) Results of the
U(t) curve fitting.

Approximation of the charging curves U(f) by the
sums of exponential and linear functions made it possible
to separate the fast relaxation processes, characterized by
the parameters 4 and t, from the slow irreversible pro-
cesses, which are reflected in the linear growth coefficient
k. It can be seen from Fig. 7 that the approximation
parameters systematically vary at increasing the
phosphorus content in the Ag; (Ge; 4P)SsI ceramics.
The limiting voltage U, increases from 0.212 V for
Ag;GeSsI to 0.405 V for Ag¢PSsl. This indicates an
increase in the electromotive force of the cells upon
substitution Ge*" — P**, which may be related to changes
in the defect structure and ionic mobility [29]. The
amplitude of the exponential component A, decreases
with increasing the phosphorus content from 0.236 V at

= 0.25 to 0.055 V at x = 1.0. The decrease in A,
suggests a reduction in the contribution of fast charge
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Fig. 7. Variation of the approximation parameters of the
charging curves U(f) with the chemical composition of
Ag;_(Ge,;_,P)SsI. a) Limiting voltage approached at long
charging times (Uj); b) amplitude of the exponential growth
(4p); c) characteristic relaxation time (t); and d) coefficient
describing the voltage linear increase with time (k).

transport and relaxation processes in the superionic
material. Upon Ge*" — P°" substitution, the characteristic
relaxation time 1 increases from 27 s (Ag;GeSsl) to 74 s
(AgePSsI). This indicates slowing down of the charging
processes and a stronger influence of diffusion
limitations, with the maximum 1 values observed for the
phosphorus-containing compositions.

In addition to the exponential relaxation component,
the voltage—time dependences U(¥) of the electrochemical
cells during charging contain a linear contribution
characterized by the coefficient k. The parameter £
reflects slow processes that lead to a gradual increase in
the voltage with time even after the fast diffusion
relaxation is completed [29, 30]. It describes slow
accumulation of polarization caused by the defect
structure of the electrolyte (grain boundaries, pores,
surfaces) as well as transport bottlenecks in the crystal
lattice [29, 30]. Defects and interfaces significantly affect
the rate of ionic transport through the material. Structural
inhomogeneities result in potential jumps and a slow
voltage rise under constant current. The parameter £ is
associated with (i) polarization build-up at the phase
interfaces (Ag|SE and SE|Se) arising from limited ionic
conductivity and slow interfacial reconstruction;
(i) diffusion limitations in the bulk electrolyte, where
establishment of an equilibrium distribution of Ag" ions
requires long times; and (iii) irreversible processes such
as formation or decomposition of Ag,Se phase inclusions
at the interface, which manifest themselves by a quasi-
linear voltage variation.

Analysis of the composition dependence of the
parameter k shows that its maximum value is reached for
the mixed composition AgssPysGegsSsI (Ge:P = 1:1),
whereas it remains at the level of 10~ V/s for the end-
member Ge- and P-rich compositions. Such a nonlinear
dependence suggests that the structural features of the

crystal lattice and the distribution of defects in the solid
electrolyte play a key role in the slow charge accumula-
tion processes [29]. For compositions with partial Ge — P
substitution (x = 0.5), formation of a highly disordered
structure with a maximized number of defects and
vacancies available for Ag” ion migration is likely. This
leads to enhanced polarization processes and an increased
contribution of the linear component. In contrast, in Ge-
rich and P-rich compositions, the structure is more
ordered, which reduces the possibility of long-term
polarization build-up and results in smaller & values [31].
Hence, the parameter £ may be considered as a marker of
irreversible and slow charge redistribution processes,
sensitive to the composition and defect structure of the
superionic electrolyte. Its concentration dependence
reflects the balance between the ion mobility, structural
disorder, and interfacial reactions, which together define
the efficiency of operation of the electrochemical cell.
For analysis of the U(f) dependences during
charging of the AglAg; «(Ge;_«Px)Ss1ISe cells, we used
an approach based on determining the characteristic
relaxation time 7, which defines the rate of establishing
an equilibrium distribution of ions during charging and is
related to the diffusion time of Ag™ ions through the
electrolyte. In the approximation of one-dimensional
diffusion across the disk thickness L, the diffusion
coefficient D of the ions is given by the following
expression [29]:
2
p=L_

2
T

(6)

The relationship between the diffusion coefficient
D, ion mobility p, concentration of mobile ions n and
ionic conductivity o; is described by the Nernst—Einstein
relation [30]:

q 2 Bl
——, o,=ngu=ng- ——,
kol qu = nq kT q2 D
where g is the ionic charge (g =e=1.6-10"" C for Ag"),
ks is the Boltzmann constant, and 7T is the absolute

temperature respectively. The ionic resistance of the cell
is determined by the following geometrical relation:

L
Rion =

(7

>

(®)

- c; 4 '
where A=nd2/4 is the electrode area and d is the
diameter of the superionic disk respectively.

The corresponding effective capacitance C of the
cell within the RC approximation may be found as

T
C=r )

In presence of an electronic contribution to the conduc-
tivity, the transference number, characterizing the fraction
of the current carried by ions, was determined as [31]

(10)

b
G;—0C¢

where 6; and o, are the ionic and electronic components
of the conductivity, respectively.
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Table 2. Electrolyte parameters calculated from the experimental values of 1, o;, and o, [13]. (Assumptions: one-dimensional
diffusion across a disk thickness L = 1 mm; temperature 7'=298 K; RC model used as an approximation for the effective capacitance.)

Chemical os | s Sem 6,107, D-120’9, n, 19324, pz-lo*, Rions CF .
composition ’ ? S/cm m’/s m m’/(V-s) | Ohm ’ on
1 | Ag,GeS;l 27.1 0.0223 ~11 3.73 5.97 14.5 91.6 0.30 0.9993
2 | Age5PoasGegrsSsI | 32.6 | 0.0476 ~2 3.11 5.21 12.1 126.1 0.26 0.9970
3 | AgesPosGegsSsl 40.4 | 0.0346 ~0.01 2.51 5.82 9.8 139.9 0.29 0.9978
4 | AgsasPo75GegasSsl | 67.7 | 0.0118 ~15 1.50 8.25 5.8 165.4 0.41 0.9961
5 | AgePSsl 74.1 0.0004 ~18 1.37 8.09 5.3 184.5 0.40 0.9942

Table 3. Approximation parameters of the charging curves U(¢) of the cell based on AggsPsGeysSsl ceramics over five charge-
discharge cycles.

Cycle Uy, V Ay, V T, k,V/s b,V

1 0.249 0.034 113.5 45107 0.249

2 0.269 0.133 47.7 42107 0.269

3 Agg Py sGeysSsI 0.285 0.141 43.8 4.6:107 0.223

4 0.296 0.154 38.7 8.2:10° 0.124

5 0.317 0.168 40.4 15.5:107 0.318
Table 2 presents the results of the calculations of The growth of the amplitude 4, of the exponential
the diffusion coefficient D, concentration of mobile ions component from 0.034 to 0.168 V means that

n, mobility y, ionic resistance R;,,, effective capacitance
C, and transference number ¢, for five compositions of
Ag|Ag7—x(Gel—xPx)SSI|se~

It can be seen from Tables 1 and 2 that there is a
correlation between the increase in the phosphorus
concentration and the growth of U, and 7 as well as the
decrease in 4y. The maximum value of the parameter k&
for the composition Agg sPysGegsSsI (Ge/P = 1) indicates
an enhanced polarization contribution, which may be
explained by non-equilibrium processes at the phase
boundaries. These parameters also vary at increasing the
number of charge-discharge cycles. The most pro-
nounced changes in the U(¢) dependences are observed
for the AggsPysGegsSsI composition (Fig. 5). Table 3
and Fig. 8 present the approximation parameters of the
charging curves U(f) for the cell based on the
AggsPysGegsSsI ceramics over five charge-discharge
cycles. As can be seen from Fig. 8, the variation of the
parameters for this composition becomes quite
significant at increasing the cycle number.

The increase in the limiting voltage U, from
0.249 V (1st cycle) to 0.317 V (5th cycle) indicates a rise
in the steady-state electromotive force of the cell during
prolonged charging. This reflects changes in the
distribution of the chemical potentials of Ag, stabilization
of the interfacial layers, and accumulation of ionic
charge, which together lead to an increase in the final
potential.

contribution of the fast relaxation stage to formation of
the total voltage becomes more significant in the
subsequent cycles. After the initial “formative” charging
cycle, fast transport processes become more pronounced,
resulting in “optimization” of the ionic pathways.

0.325 -

0.300 +
> [
~0275 -

0250 - o
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>
2 040
-

005 -

L . b

Cycle number

1 2 3 a 5
Cycle number

k *10%, Vs
B

d

2 3 4
Cycle number

Fig. 8. Variation of approximation parameters of charging
curves U(f) for the AggsPysGesSsl ceramic cell over five
charge-discharge cycles. a) Limiting voltage approached at long
charging times (Uj); b) amplitude of the exponential growth
(Ap); c) characteristic relaxation time (t); and d) coefficient
describing the linear voltage increase with time (k).
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Fig. 9. Results of approximation of the discharge curves by exponential dependences. a) Ag;GeSsl, b) Ages5Po25Geo 75551,
c) AgesPosGegsSsl, d) AgeasPor5GenasSsl, €) AggPsSsl, and f) discharge curves for the cells for the fifth cycle: Ag;GeSsl (1),
Ags.75P0.25Ge0.75551 (2), AgesPo.sGeo.5SsI (3), AgeasPo.75Gep25Ss1 (4), and AgePsSsI (5).

The decrease in the relaxation time 7 from 113.5 s
(1st cycle) to ~39-40 s in the 4th-5th cycles reflects
acceleration of establishing the ionic distribution profile
during charging, i.e., enhancement of effective diffusion
of Ag" ions within the electrolyte. This behavior is
typical for “running-in” processes, during which local
barriers to ion transport (poor contacts, blocking defects)
are eliminated, the electrode—electrolyte contact improves,
and more stable ionic channels are formed [32, 33].

The increase in the linear component %k from
45107 V/s (Ist cycle) to 15.5-10° V/s (5th cycle)
points to strengthening of slow irreversible or quasi-
stable processes in AggsPsGeysSsI. Such processes may
include polarization buildup at phase boundaries, slow
phase transformations (formation and growth of Ag,Se
inclusions), and relaxation of space-charge layers. The
increase in & in the later cycles indicates intensification of
these slow processes despite the acceleration of the
diffusion stage (reduction of t). This may be caused by
progressive irreversible interfacial changes as well as
phase redistributions under repeated cycling.

The non-monotonic dynamics of the parameter b
may be attributed to variations in the initial polarization
prior to start of each measurement cycle. This parameter
reflects the changes in the initial state of the linear
component of U(f) and may be associated with
differences in the initial degree of interface saturation,
changes in contacts, or local phase transformations
occurring during the preceding cycle.

3.4. Discharge process

Compared to charging, the discharge process of
electrochemical cells proceeds more intensely. Fig. 9
shows the dependences U(f) for the cells during
discharge (fifth cycle) under a constant discharge current
of 1 mA for 100 s. As can be seen from Fig. 9, the U(?)
curves exhibit an exponential behavior. These curves
were approximated by the following expression:

t

Uy(t)=|Ugq = Agae * |, (11)

where the parameters Uy, Ags and t, have the same
physical meaning as in the charging process. The
subscript “d” denotes the discharge process of the cell.
The results of the approximation of the discharge curves
U(¢) are summarized in Table 4.

It can be seen from Table 4 that the limiting voltage
Uy, varies from negative values (—0.038V for
Ags15Po75GesSsI) to  positive ones (0.118 V' for
Ags sPysGegsSsI) during discharge. Positive Uy, values
reflect presence of residual polarization and an
incompletely discharged capacity. A fraction of Ag" ions
remains trapped in metastable states, forming a “residual
charge”. Negative Uy, values indicate overdischarge and
cell overvoltage: the cell discharges below zero potential,
which may be associated with a reversible transition-
decomposition of Ag,Se, or with asymmetry between the
charging and discharging processes.

The amplitude of the exponential component Ay,
lies within the range 0.19...0.31 V. The higher the Ay,
the larger the fraction of accumulated charge released
during the initial stage of discharge. The maximum A,
values were recorded for Age75Pg25Geg75Ss1 and AgePSsI
(~0.31 V), indicating their enhanced charge storage
capability. The minimum Ay (0.192 V) observed for
Ag,GeS;l suggests a lower capacitive response.

The parameter td describes the rate of voltage
decay during the discharge process. Prolonged discharge
(ty = 40 s) is observed for Agg75Py25Gey75SsI and
AggPS;l, which indicates a slower “release” of ions and a
more stable capacitive behavior. In contrast, the short
T, =26.4 s in Agg 5P 75Geg-5S51 points to a rapid voltage
drop and lower stability of the accumulated charge.

During discharge, an electrochemical cell releases
the stored charge due to reverse motion of Ag" ions from
the selenium film through the superionic electrolyte.
The exponential nature of the voltage decay (de ™)
reflects relaxation of the space-charge regions and
reduction of polarization at the electrode—electrolyte
interfaces. The value of 1, is related to the effective
diffusion coefficient of Ag": larger td correspond to
slower diffusion and a more “extended” discharge,
whereas smaller 1, correspond to a faster voltage decay.
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The residual potential Uy, and its sign indicate that the
discharging is not completely fully symmetrical with
respect to the charging because the accumulated
interfacial processes (formation/decomposition of Ag,Se
and charge accumulation at the phase boundary) shift the
equilibrium potential.

Therefore, the discharge efficiency is defined by a
combination of three parameters: Uy, Ao, and 1,
The most stable discharge characteristics were exhibited
by Ag6'75P0'25GCO'75SSI and Ag(,PSSI, where as
Agg15Po75GegosSsI  demonstrated a  faster and less
efficient discharge.

Analysis of the approximation parameters of the
U(?) curves for the fifth cycle (Table 1 — charging,
Table 4 — discharging) reveals noticeable differences in
the mechanisms of charge accumulation and release in
Agr_(Gei_P,)S;sI-based cells.

Limiting voltage. During charging, the limiting
voltage U, gradually increases from 0.212 V (Ag;GeS;I)
to 0.405 V (AgePSsl), reflecting an increase in the stored
charge and contribution of polarization processes. In
contrast, during discharging, the residual voltages are
much lower (0...0.12 V) or even negative. This
asymmetry indicates that charging results in higher
potential accumulation than can be recovered during
discharge, which points to hysteresis and partial energy
loss due to slow and irreversible processes.

Exponential amplitude. For charging, the
amplitudes of the exponential component are relatively
small (0.055...0.236 V) and decrease upon moving from
Ge-rich to P-rich compositions. During discharging,
however, these amplitudes are higher (0.19...0.31 V),
indicating a more “rapid” release of the accumulated
charge. Hence, the charge accumulation proceeds slower
and partly linearly, while the release occurs
predominantly through the exponential mechanism.

Relaxation time. For charging, the relaxation time
increases from 27 to 74 s, reflecting a slowdown in
formation of potential at increasing the phosphorus
content. For discharging, the relaxation times remain
within the interval 26...41 s, ie. lower than during
charging. This confirms that charge release proceeds
faster than charge accumulation and is less limited by
structural effects.

Linear component. The linear contribution is
observed only during charging (up to 15.5-107 V/s for
Agg 5Py sGegsSs1). During discharging, no linear contribu-
tion is detected. Therefore, slow processes (polarization,
Ag,Se phase formation, space-charge accumulation)
manifest themselves predominantly during charging,
whereas release of the charge during discharging is
governed by the fast exponential mechanism.

Comparison of the data shows that charging and
discharging are not mirror-symmetric processes.
Charging of the cells is a multicomponent process that
includes fast exponential relaxation and slow linear
voltage increase caused by interfacial polarization
buildup and structural rearrangements (growth of Ag,Se
inclusions, formation of space charge). During charging,

not only ionic charge is accumulated but also a
polarization contribution associated with slow structural
modifications and interfacial reactions. This is reflected
by the high U, values and presence of the linear
contribution £.

In contrast, the discharge process is described by a
pure exponential dependence, reflecting the relaxation of
Ag' ions and release of polarization. Its mechanism is
“cleaner”, and this process is accompanied by fewer
irreversible effects, although negative residual voltages
may appear under strong interfacial interactions. The
discharge is dominated by the exponential voltage decay,
characterized by shorter relaxation times and smaller
final values of Uy, which indicates partial loss of the
accumulated charge and presence of hysteresis between
the forward and reverse processes.

The hysteresis (asymmetry) between charging and
discharging confirms that charge accumulation and
release are not mirror processes. This is related to the
asymmetry of interfacial reactions, unequal contributions
of defect structures, and different conditions for
stabilization/decomposition of phase inclusions at the
interface.

Therefore, the efficiency of the cells is limited by
charge-discharge asymmetry, which arises from
interfacial polarization and irreversible processes during
charging. The most pronounced differences are observed
in P-rich compositions, consistent with their higher
tendency toward structural polarization.

3.5. Current-voltage characteristic of the Ag|SE|Se
electrochemical cell

An important analytical tool for determining the
predominant type of conductivity, the value of ionic
resistance and the threshold activation voltage for ion
transport as well as for identifying the influence of
interfacial processes at the electrodes on the electrical
parameters is the study of CVC of the electrochemical
cell [34, 35].

Among the investigated  Ag; (Ge_Py)SsI
heterostructures, the AggPSsI composition exhibits the
highest limiting charging voltage (U, = 0.405 V), the
longest relaxation time (t = 74 s), and characteristic
features of charge accumulation associated with
pronounced interfacial processes. For this composition,
polarization effects are the most significant, while the
fraction of the exponential component of charging is
minimal, indicating predominance of slow diffusion
limitations. Therefore, this composition is optimal for
identifying the activation nature of conductivity and
establishing correlations with the charging-discharging
processes. Among the studied Ag; (Gej_Py)Ssl
heterostructures, Ag¢PSsI most clearly reveals ionic
transport limitations that are critical for assessing
performance of electrochemical energy devices.

For the Ag¢PSsI composition, the CVC of the
Ag|SE|Se electrochemical cell was studied using an
AUTOLAB PGSTAT302N potentiostat/galvanostat.
The resulting CVC for the Ag|AgsPS;I|Se cell presented
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in Fig. 10 exhibits a symmetric nonlinear shape. At the
voltages |U] < 0.05 V, the current is nearly absent,
indicating a negligible electronic contribution to
conductivity. At the positive voltages above 0.05...0.1 V,
a sharp increase in the current up to a maximum value of
~1.4-10 A is observed, followed by its gradual decrease
in the range of 0.3 to 0.8 V due to ion transport
limitations caused by diffusion and interfacial
polarization. The linear current growth up to the peak
value (1.4:107 A) indicates the transport of Ag’ ions
through the electrolyte and their reduction on selenium.
Ag,Se is formed as an electron-conducting product at the
interface. The peak at U = 0.14 V corresponds to the
maximum rate of the electrochemical reaction prior to the
onset of polarization. The subsequent decrease in the
current after the peak is attributed to cathodic
polarization, which slows down ion transport. A
passivating phase may also form at the Se|Ag" interface,
thereby reducing the current.

In the negative voltage region, CVC exhibits similar
behavior. However, an asymmetry near zero is observed,
reflecting the differences between the anodic and
cathodic processes. Under reverse bias, the current is
initially negative (redox transitions or product dissolu-
tion). At larger negative voltages (down to ~ —1 V), the
current saturates and then returns to zero, indicating
symmetric polarization and restoration of the ionic
concentration balance. In the range of —0.6..03 V, a
“mirror-like” current drop is observed, which is
indicative of partial reversibility and possible capacitive
nature of the current. The CVC does not coincide for the
forward and reverse scans, which may be attributed to
slow interfacial processes, charge accumulation, and
interface rearrangement.

Under applied forward bias, Ag’ ions migrate
through the solid electrolyte. At the selenium interface,
they are reduced to form Ag,Se, which leads to an
increase in the current. As Ag,Se accumulates, the
interfacial resistance increases, resulting in a current
decrease. Upon reversal of the polarity, Ag" ions begin to
move back, or reverse redox processes occur. A small
capacitive contribution is also detected, which is most
likely associated with charge accumulation at the
interfaces.
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Fig. 10. Current-voltage characteristic of the AgsPSsI-based cell
(fifth cycle).

Comparison of the CVC with the galvanostatic
“charge-discharge” curves (5th cycle) demonstrates good
agreement: the limiting charging voltage (U, = 0.405 V),
the small amplitude of the exponential component (4, =
0.055V), and the increased relaxation time (t~=74s)
correspond to the activation and current saturation region
on CVC. During discharge (Uy, = 0.076 V, 4p; = 0.305 V,
1,~41s), an exponential voltage decay is observed,
which correlates with the rapid decrease of the current in
the negative part of the CVC.

Linear approximation of the charging section near
zero yielded a resistance value of about 200 Ohm, which
is comparable with the ionic resistance (R;,, = 185 Ohm,
Table 3) calculated from the charge-discharge curves.
This confirms predominantly ionic character of the
transport (ionic transference number ¢, = 0.994, Table 3).

Hence, comparison and joint analysis of the CVC
and charge-discharge cycles make it possible to identify
the characteristic features of cell operation and reveal a
direct correlation between the activation onset of the
ionic current and the accumulation of interfacial
polarization during charging, as well as the exponential
release of charge during discharging. These results
confirm the consistency of the experimental methods
and the adequacy of the proposed process model, as
well as indicate a promise of the Ag¢PSsI composition
for application in solid-state electrochemical energy
devices.

4. Conclusions

The carried out studies of the charge-discharge
characteristics of heterostructures based on superionic
electrolytes Ag; «(Ge,_4P,)SsI have shown that electrical
properties of such heterostructures strongly depend on
the electrolyte chemical composition and phosphorus
concentration. This is related to changes in the number
of vacancies and the degree of structural disorder in
the Ag' cation sublattice. A pronounced asymmetry
between charging and discharging has been observed.
The accumulated potential exceeds the value recovered
during discharge, which is associated with interfacial
polarization, formation/decomposition of Ag,Se, and
irreversible processes at the electrode—electrolyte
interface.

The most stable and efficient characteristics were
demonstrated by the Ag6.75Po'25Geo'75S5I and Ag6PSSI
compositions, while other compounds exhibited
accelerated and less efficient discharge. Combined
analysis of the CVC and charge-discharge cycles con-
firmed the adequacy of the employed process model and
indicated a direct correlation between the activation of
ionic current and the accumulation of interfacial
polarization during charging, as well as the exponential
release of charge during discharging.

Therefore, Ag;_(Ge;_Px)SsI  solid solutions
represent promising materials for application in solid-
state electrochemical energy devices, including sensors,
batteries, and energy storage systems.
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3apsiAHO-pO3psAIHi NPOLeCcH Y TBePAOTIIbHUX eJIeKTPOJTITHHX reTepocTpykTypax Ag, ((Ge;_P,)Ssl
JJ1S eJIEKTPOXiMIYHMX eHepreTHYHUX NPHUCTPOIB

B.C. Binanny, A.A. CauBka, C.I. Bopoo6iioB, A.L Iloroain, T.O. ManaxoBcska, [.M. Mormiiok, V. Komanicky

AHoTanis. Y TBEpJOTUIbHUX €JIEKTPOJIITHUX reTepocTpykrypax AglAg; (Gei Py)SsI|Se 3 pisHuM cIiBBiIHOLICHHIM
Ge/P Gynu 1ocmimkeHi 3apsaHO-pospsiani mporec. IlokasaHo, mo rerepoBanentHe 3amimenns Ge'' ma P77y
CTPYKTYpi apripoIUTy CyTTEBO BIUIMBAE HA I0HHY MPOBIOHICTB, Yac pellaKcarlil Ta MOJsIpU3alliifHi eQeKTH Ha Mexi
€JIEKTPOJI—EJIEKTPOJIT. 3a J0NOMOIOI0 TaJbBAaHOCTATHYHOTO LWKIYBaHHS Ta BUMIPIOBAHHS BOJBT-aMIIEPHHUX
XapaKTePUCTUK yCTAHOBJCHO 3aJIKHOCTI mapametpis U(f) Bim ckiaay Ta HOMepa HHUKIy. BusnaueHo koedillieHTH
mudysii, pyxiusicth ioHiB Ag', iOHHMIi OTip Ta UMCIa TIepeHOCY, IO MiATBEPIKYE MEpPEeBAKHO IOHHHI XapakTep
nepeHocy 3apany (fion =~ 0.994...0.999). IopiBHSHHS KPUBUX 3apsiIKd Ta PO3PSIKH BUSBHIO aCHMETPII0 MPOIECIB
HaKOITMYCHHS Ta BUBUILHEHHS 3apsily, 0B’ s13aHy 3 YTBOPEHHSM 1 po3KiIanaHHsIM (a3u Ag,Se, a Takox i3 MbK(pa3zHOIO
noJsipu3anicto. OTpuMaHi pe3yJabTaTH CBiIYaTh MPO BUCOKY IOHHY MPOBIIHICTD 1 CTAOUIBHICTH CKJIAAIB 13 YaCTKOBUM
3amimenHsM Ge Ha P, mo Bka3dye Ha mepcneKkTUBHICTH retepocTpykryp Ag; (Gey (Py)SsI mns 3acrocyBanus y
TBEPAOTUIHPHHUX EIEKTPOXIMIYHUX HPUCTPOSIX.

KaiouoBi cioBa: cynepioHHI NpOBITHMKH, CTpYyKTypa apripomuty, Ag; (Ge, (P,)Ssl, TBepnoTiabHI eneKkTpostiTHI
reTepocTpyKTypH, udysis ioniB Ag’, 3apsaHO-po3psaHi mpomecw, Mik(asHa NONAPU3AIL, TBEPAOTLIBHI
€JIEKTPOXIMIYHI IPUCTPO.
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