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Abstract— Ceramic samples on the basis of nanocrystalline 

powders Cu1-xAgx)7GeSe5I (x= 0, 0.25, 0.5, 0.75, 1) were made 

by cold pressing technique at a pressure of ~ 0.4 GPa with 

further annealing during 36 hours at 873 K. The size of 

ceramic materials crystallites is determined by the method of 

microstructural analysis. Investigation of electrical properties 

of ceramics based on (Cu1-xAgx)7GeSe5I mixed crystals were 

carried out by the method of impedance spectroscopy in the 

temperature range 293-383 K and in the frequency range from 

10 Hz to 300 kHz. Analysis of Nyquist plots allowed to 

determine the ionic and electronic components of electrical 

conductivity, the temperature dependence of which in 

Arrhenius coordinates has a linear character, which indicates 

their thermoactivation mechanism. Compositional behaviour 

of both components of electrical conductivity (ionic and 

electronic) and their activation energies were estimated. Their 

nonlinear character is explained by both the complex process 

of recrystallization and Cu+↔Ag+ cationic substitution. 

 Keywords: argyrodites, superionic conductors, solid 

solutions, nanopowders, impedance spectroscopy.  

I. INTRODUCTION  

The significant spread of portable electronic devices, 
environmentally-friendly electric vehicles and renewable 
energy sources is caused by the rapid development of 
efficient secondary energy sources (batteries). This is 
achieved thanks to large capacity batteries, providing 
effective energy accumulation. Li+ ion batteries (LIB) have 
gained the most commercial distribution because they have 
high potential, density and energy capacity [1-5]. However, 
at the same time, Li+ ion batteries are not devoid of some 
drawbacks due to the high chemical activity of lithium [5-8]. 
To improve the safety of batteries, solid electrolytes are 
actively investigated, which replace the flammable liquid 
electrolyte and simplify the design of the battery itself [5.9]. 
An effective solid-state electrolyte must have a number of 
prerequisites: high ionic conductivity, good mechanical 
properties and electrochemical stability [10.11]. The 

promising solid-state electrolytes include ceramic 
electrolytes in the form of micro- and nanoceramics, 
composite polymeric and glassy materials [9-14]. Each of 
them is characterized by a number of advantages and 
disadvantages. Therefore, the search for new materials with 
high ionic conductivity, which can be used as solid 
electrolytes, is currently relevant. 

The compounds with argyrodite structure have high ionic 
conductivity due to the peculiarities of their crystalline 
structure. Argyrodites crystallize in different crystal systems, 
but their common and characteristic feature is the 
simultaneous coexistence of two cationic sublattices: rigid 
(formed by a multi-charge cation) and disordered (formed by 
a single-charged cation) [15.16]. Nowadays, a large number 
of ternary and quaternary representatives of this family of 
compounds are known, and the similarity of the crystal 
structure contributes to the formation of a large number of 
solid solutions [17-19].  

Cu7GeSe5I and Ag7GeSe5I compounds crystallize in face-
centered cubic lattice, space group F-43m (Z=4) with 
elementary cell parameters 10.012 Å and 11.016 Å, 
respectively [15,20]. The value of the electrical conductivity 
of Cu7GeSe5I single crystalline samples is 0.64 S/cm (T=295 
K; f=106 Hz) [21], and that of the polycrystalline sample 
Ag7GeSe5I – 7.96×10−2 S/cm (at 298 K) [20]. Cu7GeSe5I and 
Ag7GeSe5I are characterized by the formation of a 
continuous series of solid solutions [22], for which 
investigations of electrical and mechanical properties of both 
single crystal samples and polymeric composites are carried 
out [23-25]. 

II. EXPERIMENT METHODOLOGY 

The synthesis of initial Cu7GeSe5I and Ag7GeSe5I 
quaternary compounds was carried out using high purity 
elementary components: silver (99.999%), copper 
(99.999%), germanium (99.9999%), selenium (99.9999%) 
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and pre-synthesized binary iodides (CuI and/or AgI) in the 
corresponding stoichiometric ratios. Binary iodides were 
additionally purified by vacuum distillation (CuI) and 
directional crystallization technique from melt (AgI). As a 
starting material for the single crystals growth of (Cu1-

xAgx)7GeSe5I mixed crystals, we used previously synthesized 
quaternary halogen chalcogenides Cu7GeSe5I and 
Ag7GeSe5I.  

The synthesis of individual Cu7GeSe5I, Ag7GeSe5I 
compounds, and (Cu1-xAgx)7GeSe5I (x=0.25, 0.5, 0.75) 
mixed crystals were carried out in five stages. For the first 
the temperature was increased to 873 K with the heating rate 
above 150 K/hour. Due to the high elementary selenium 
content in the ampoules with Cu7GeSe5I and Ag7GeSe5I 
samples 24 - hour exposure was performed. It prevents not 
only the rapid pressure increasing and also provide the full 
binding of selenium. In the Cu7GeSe5I - Ag7GeSe5I system 
highest melting temperature (1113 K) is observed for silver-
containing quaternary argyrodite. Therefore, the further 
temperature increase was performed during 24 hours to the 
maximal temperature - 1163 K, which is ~ 50 K higher than 
above mentioned value. Investigated compositions of (Cu1-

xAgx)7GeSe5I mixed crystals were maintained in melt during 
24 hours at maximal temperature. Then the samples were 
homogenized by annealing at 873 K during 72 hours. 
Cooling to room temperature was carried out in the furnace 
off mode. 

Ceramic materials based on synthesised (Cu1-

xAgx)7GeSe5I (x= 0, 0.25, 0.5, 0.75, 1) mixed crystals, were 
made by the method of solid-phase sintering of the pressed 
samples of nanocrystalline powders. Nanocrystalline 
powders were prepared by grinding in planetary ball mill 
PQ-N04 for 60 min at a speed of 200 rpm. The obtained 
powders were investigated using SEM (Hitachi S-4300) and 
XRD (AXRD Benchtop) methods. X-ray reflexes expansion 
is observed on diffractograms of (Cu1-xAgx)7GeSe5I (x= 0, 
0.25, 0.5, 0.75, 1) mixed crystals, which is typical for 
nanosized materials. Analysis of SEM results showed that 
the average size of crystallites is ~100 nm.  

Pressing of nanocrystalline powders was carried out at a 
pressure of ~0.4 GPa, with further annealing at an 873 K 
(heating/cooling rate ~ 20 K/h) for 36 hours. This allows to 
obtain disks of polycrystalline ceramic samples based on 
(Cu1-xAgx)7GeSe5I mixed crystals with a diameter of 10 mm 
and a thickness of 3-4 mm.  

 

Fig. 1. Histogram of size distribution of crystallites for 
(Cu0.5Ag0.5)7GeSe5I-based ceramics. The microstructure of ceramic 
material and compositional dependence of crystallites size are 
presented on the inserts. 

The size of crystallites in ceramic samples after annealing 
was determined by microstructural analysis (Fig. 1) using 
metallographic microscope METAM – R1. 

Based on the results of the research, histograms of 
particle size distribution were constructed. Established that 
the size of crystallites for ceramics materials based on (Cu1-

xAgx)7GeSe5I mixed crystals is ~ 6 – 14 µm (insert in Fig. 1), 
which can be associated with different recrystallization 
ability of materials. It should be noted that such obtained 
ceramics are characterized by a rather heterogeneous 
microstructure, due to the distribution of particles in a wide 
range. 

Investigation of electrical properties of ceramic materials 
based on individual Cu7GeSe5I, Ag7GeSe5I compounds and 
(Cu1-xAgx)7GeSe5I (x=0.25, 0.5, 0.75) mixed crystals were 
performed by impedance spectroscopy [26] in the 
temperature range 293-383 K and in the frequencies from 10 
Hz up to 300 kHz. The frequencies dependencies were 
measured using high-precision LCR 2818 meter with 
operating amplitude of the alternating current constituted 10 
mV. The measurements were carried out by a two-electrode 
method using blocking (electronic) graphite contacts, which 
were applied in the form of a suspension. 

III. RESULTS AND DISCUSSION 

For all ceramic samples, the dependences of the total 
conductivity on the frequency were measured (Fig. 2), which 
are typical for all solid electrolyte materials [27]. Thus, with 
increasing frequency, an increase of electrical conductivity 
was observed (Fig. 2). 

  

Fig. 2. Frequency dependences of total electrical conductivity at T=298 
K for ceramics based on: Cu7GeSe5I (1), (Cu0.75Ag0.25)7GeSe5I (2), 
(Cu0.5Ag 0.5)7GeSe5I (3), (Cu0.25Ag0.75)7GeSe5I (4), Ag7GeSe5I (5). 

Detailed studies of frequency behaviour of electrical 
conductivity were performed by a standard approach using 
electrode equivalent circuits (EEC) [26 - 28], and their 
analysis on Nyquist plots. The parasitic inductance of the cell 
(~2×10-8 H) was taken into account during the analysis of all 
samples. The values of ionic and electronic parts of electrical 
conductivity were established.  

The overall appearance of the frequency dependence of 
the total electrical conductivity of ceramic samples based on 
(Cu1-xAgx)7GeSe5I (x= 0 ÷ 0.75) (Fig. 2) indicates the 
prevailing influence of the electronic component of electrical 
conductivity over ionic one (σion<σel). At the same time, 
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ceramics based on the individual Ag7GeSe5I compound 
refers to ion-electron conductors with predominant ionic 
electrical conductivity component (σion>σel).  

On the Nyquist plots for ceramic samples based on (Cu1-

xAgx)7GeSe5I two semicircles are observed. However, for 
ceramic materials prepared on the basis of 
(Cu0.5Ag0.5)7GeSe5I and (Cu0.25Ag0.75)7GeSe5I mixed crystals 
a weakly expressed mid-frequency semicircle is detected, 
which is especially noticeable at a temperature of 298 K. A 
detailed explanation of the principle of dividing the total 
electrical conductivity into ionic and electronic components 
is carried out using the example of a ceramic sample based 
on (Cu0.5Ag0.5)7GeSe5I. 

 

Fig. 3. EEC and Nyquist plots for ceramic sample based on 
(Cu0.5Ag0.5)7GeSe5I: experimental data correspond to filled rings, and 
calculated – unfilled rings. 

EEC (Fig. 3), selected for the description of the Nyquist 
plots, consist of two parts: ionic and electronic. The first 
describes the processes associated with the ionic component 
and the second – electronic part of conductivity. 

The diffusion relaxation processes on the boundary of the 
electrode/crystal correspond to the low-frequency semicircle 
for (Cu0.5Ag0.5)7GeSe5I-based ceramic on the Nyquist plot, 
which is expressed by the included capacitance of double 
diffusion layer Cdl (Fig.3) with a sequentially included 
Warburg (W) element responsible for ionic diffusion within 
the latter. The middle (T=298 K) and the high-frequency 
semicircle, in turn, are characterized by the processes of 
conductivity at the intergrain boundaries, which correspond 
to the resistance Rgb with parallel capacitance Cgb (Fig. 3) on 
the EEC.  

Thus, the ionic part of the electrical conductivity of 
(Cu0.5Ag0.5)7GeSe5I-based ceramic, is determined by the sum 
of the resistance of the crystallite boundaries Rgb with a 
resistance limiting the ion diffusion – WR. In parallel to the 
ion processes in the EEC included is electronic resistance Re, 
which contributes to the representation of both (three at 298 
K) semicircles on Nyquist plots and corresponds to the 
electronic component of electrical conductivity. 

Such analysis of the impedance spectra by means of the 
EEC (Fig.3) has been carried out for all the ceramic samples 
compositions and throughout the whole range of investigated 
temperatures. It should be noted that there is good agreement 

of experimental data and parameters calculated by EEC. The 
analysis of impedance spectra made it possible to investigate 
the temperature and compositional behaviour of ionic and 
electronic parts of electrical conductivity of ceramic 
materials based on (Cu1-xAgx)7GeSe5I mixed crystals. 

Figure 4 shows the compositional dependences of 
components of electrical conductivity for ceramic materials 
prepared on the basis of (Cu1-xAgx)7GeSe5I (x= 0, 0.25, 0.5, 
0.75, 1) mixed crystals. 

 

Fig. 4. Compositional dependences of ionic (1) and electronic (2) 
components of electrical conductivity (a) at T=298 K for ceramic 
materials based on (Cu1-xAgx)7GeSe5I (x = 0, 0.25, 0.5, 0.75, 1) solid 
solutions. The compositional dependence of the ratio of the ionic 
component of electrical conductivity to the electronic one is presented 
on the insert. 

It is established that the compositional dependence of the 
ionic component of electrical conductivity (Fig. 4, curve 1) 
has a non-monotonous and nonlinear character, which 
manifests itself in the presence of a minimum for ceramic 
sample with x=0.5. Instead, the value of the electronic 
component of electrical conductivity (Fig. 4, curve 2) in the 
process of Cu+→Ag+ cationic substitution decreases without 
any features. This compositional behaviour of the electrical 
conductivity components determines the corresponding 
behaviour of their ratio σion/σel (insert to Fig. 4). The 
maximum value of the above ratio is observed for a ceramic 
sample based on Ag7GeSe5I (σion/σel ~ 76). For ceramic 
samples with x = 0 ÷ 0.5 the electronic component of 
electrical conductivity exceeds the ionic one (insert to Fig. 
4), whereas for (Cu0.25Ag0.75)7GeSe5I – σion ≈ σel. The 
temperature dependences of ionic and electronic parts of 
electrical conductivity in Arrhenius coordinates are shown in 
Figure 5. 
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Fig. 5. Temperature dependences of ionic (a) and electronic (b) 
components of electrical conductivity for ceramics based on 
(Cu1Agx)7GeSe5I: Cu7GeSe5I (1), (Cu0.75Ag0.25)7GeSe5I (2), 
(Cu0.5Ag0.5)7GeSe5I (3), (Cu0.25Ag0.75)7GeSe5I (4) and Ag7GeSe5I (5). 

Obtained dependencies are linear and are described by 
Arrhenius equation, which is evidence of thermally activated 
mechanism of electrical conductivity. With their help, the 
activation energies of both ionic and electronic parts of 
electrical conductivity were calculated (Fig. 6). 

 

Fig. 6. Compositional dependences of activation energy of ionic (1) and 
electronic (2) components of electrical conductivity for ceramic 
samples based on (Cu1-хAgx)7GeSe5I solid solutions. 

The compositional behaviour of activation energy of 
ionic (Fig. 6, curve 1) part of the electrical conductivity is 
non-monotonous and nonlinear, which are characterised by a 
presence of a maximum for (Cu0.5Ag0.5)7GeSe5I mixed 
crystals, whereas when considering the activation energy of 
the electronic component (Fig. 6, curve 2), a minimum for 
(Cu0.25Ag0.75)7GeSe5I is revealed. 

It should be noted that ceramic samples based on (Cu1-

xAgx)7GeSe5I mixed crystals are characterized by complex 
and disordered micro- and macrostructure. This is primarily 
due to the different sizes of crystallites, which are confirmed 
by a wide range of particles distribution (Fig 1), and a 
complex process of recrystallization during annealing of 
nanocrystalline powders. Recrystallization involves the 
enlargement of crystallites due to the processes of solid-state 
diffusion and, as a result, the “dissolution” of smaller 
particles by larger ones, which is clearly visible from the 
distribution curve of particle sizes, their compositional 
behaviour and data from microstructural studies (insert to 
Fig. 1). This process causes an appearence of microstructural 

inhomogeneities, which contributes to the emergence of 
micro- and, consequently, macrodefects. This additionally 
leads to the appearance of internal strain of the ceramic 
materials. To this, we should add a complex and disordered 
crystal structure of (Cu1-xAgx)7GeSe5I mixed crystals caused 
by Cu+↔Ag+ cationic substitution, for which due to the 
presence of a mobile cationic sublattice and a rigid anionic 
frame, the corresponding ratio of ionic to electronic 
component of conductivity σion/σel [23] is characteristic. The 
combination of the above listed features of (Cu1-

xAgx)7GeSe5I ultimately causes the corresponding behaviour 
of the components of electrical conductivity and also 
determines the mechanism of their thermoactivation 
behaviour for the studied ceramic materials. 

IV. CONCLUSIONS 

 

Individual Cu7GeSe5I, Ag7GeSe5I compounds, and (Cu1-

xAgx)7GeSe5I (x=0.25, 0.5, 0.75) mixed crystals are 
synthesized and ceramic samples are prepared on their basis 
by cold pressing and sintering of nanocrystalline (~100 nm) 
powders. It was established as a result of recrystallization in 
the sintering process, the average size of crystallites for 
ceramic samples constitutes ~ 6-14 µm. Prepared ceramic 
samples were investigated by impedance spectroscopy 
method. Total electrical conductivity was measured in the 
frequency range from 10 Hz to 300 kHz and in 293-383 K 
temperature interval.  

Based on frequency dependences of total electrical 
conductivity, Nyquist diagrams were plotted, which were 
further analysed using EEC. Using this approach, the total 
electrical conductivity was divided into ionic and electronic 
parts. It is established that the increase in the content of silver 
atoms in ceramic samples based on (Cu1-xAgx)7GeSe5I mixed 
crystals leads to a nonlinear reduction of the ionic component 
and a monotonous reduction of the electronic component, 
which leads to the presence of a minimum on the 
compositional dependence of their ratio.  

It is shown that temperature dependences of ionic and 
electronic parts of electrical conductivity of ceramic samples 
based on (Cu1-xAgx)7GeSe5I mixed crystals are described by 
the Arrhenius equation confirming the thermally activated 
mechanism of electrical conductivity. According to the 
results of analysing the temperature behaviour of parts of 
electrical conductivity, the corresponding activation energies 
are calculated and their compositional dependences are 
constructed. 
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