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Abstract. Herein we present the results of the study of ceramic materials made on the basis 

of Ag8GeS6 powders with different dispersion. The average grain size of microcrystalline 

powders is 10…20 µm, and that of nanocrystalline powders is ~140 and ~180 nm, 

respectively. The powdered materials were investigated using the XRD and SEM methods. 

The Ag8GeS6-based ceramic samples were obtained by annealing (1073 K) of pressed 

(400 MPa) discs. Investigations of the ceramics surface by using the SEM and EDS 

methods indicate the homogeneity of the chemical composition of the obtained ceramics. 

The electrical conductivity of the obtained ceramics was studied using impedance 

spectroscopy in a wide frequency (1·10
1
…3·10

5
 Hz) and temperature (293…383 K) ranges. 

For all these ceramics, an increase in electrical conductivity with increasing frequency is 

observed. Based on the obtained results, the values of ionic conductivity and activation 

energy of the corresponding Ag8GeS6 ceramic samples were determined. 
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1. Introduction 

Binary and more complex silver-containing compounds 

exhibit outstanding thermoelectric [1, 2], superionic 

[3, 4] or photovoltaic [5, 6] properties due to high 

electrical conductivity or light absorption. This is caused 

not only by the influence of the crystal structure of the 

compound as a whole, but also to the special arrangement 

of silver atoms. These compounds belong to different 

compositional and structural types. The most common 

are tetrahedrally coordinated compounds – derivatives of 

chalcopyrite (diamond-like) structure such as ternary 

AgBiS2 or quaternary AgCd2GaS4 compounds and 

related to them kesterite/stannite Ag2ZnSnS4 phases [7]. 

The above-mentioned compounds are related to semi-

conductors and mostly exhibit photovoltaic or thermo-

electric properties. In this aspect, compounds with an 

argyrodite structure are attractive. There exist two series 

of argyrodites – ternary (x = 0) and quaternary (0 < x ≤ 1) 

with the general formula  





 xx
nm

mxn YXNM 2
612  

(where M
m+

 – mostly single charged small cations Li
+
, 

Cu
+
, Ag

+
; N

n+ 
– multicharged cations Ga

3+
, Si

4+
, P

5+
; X

2–
 

– chalcogenide anions and Y
–
 – halide anions) [8–10].  

 

 

Tetrahedrally coordinated (by chalcogens) multicharged 

cations form a rigid anionic sublattice. The resulting 

voids are statistically occupied by single charged cations, 

forming a highly disordered cationic sublattice. The 

coexistence of a rigid anionic framework and a mobile 

cationic sublattice leads to high conductivity in the solid-

state [8–10]. Furthermore, argyrodites are classified as 

thermoelectric materials when electronic conductivity 

predominates [11–13] and as superionic materials when 

ionic conductivity predominates [14–16]. 

Ternary argyrodite Ag8GeS6 crystallize in two 

polymorphic forms: low temperature (LT) orthorhombic 

(space group (SG) Pna21, a = 15.1469 Å, b = 7.4694 Å, 

c = 10.5842 Å [17, 18]) and high temperature (HT) cubic 

(SG F–43m, a = 10.70 Å [19]) modifications. Band 

structure calculations indicate that LT-Ag8GeS6 belongs 

to direct gap compounds with band gap values of 1.46 eV 

[20]. As a result, promising photovoltaic applications of 

Ag8GeS6 in nanocrystalline ink form have been reported 

[21, 22]. The ionic conductivity of LT-Ag8GeS6 single 

crystals, grown by direct crystallization from melt, is 

quite low – 4.09·10
–5

 S/cm [18]. This isn’t typical for 

argyrodites and is associated with a significant ordering 

of the LT-Ag8GeS6 structure [18]. It is known that  
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for polycrystalline materials (ceramics) the ionic 

conductivity depends on grain orientation and grain-

boundary properties (grain-size effect) [23, 24]. Inspired 

by this fact, we performed the investigation of ionic 

conductivity of LT-Ag8GeS6-based ceramic materials 

fabricated from different dispersion powders. 

2. Experimental 

2.1. Sample preparation 

Polycrystalline Ag8GeS6 was prepared from stoichio-

metric amounts of high-purity elemental components Ag 

(99.995%), Ge (99.9999%) and S (99.999%). The ternary 

argyrodite was synthesized by a direct single-temperature 

method in evacuated to 0.13 Pa silica ampoules. The 

maximum synthesis temperature was 1280 K (48 h) [18]. 

This temperature is 50 K above the melting point of 

Ag8GeS6 [18], which ensured good melt homogenization 

and complete synthesis. As a result of the synthesis, a 

polycrystalline bulk sample weighing 20 g was obtained. 

The synthesized Ag8GeS6 was ground in an agate 

mortar and sieved through sieves with appropriate pore 

sizes, which allowed us to select a powder fraction with a 

particle size within the range of 10 to 20 µm (~1/3 of the 

mass). To obtain powders with smaller particle sizes, 2/3 

of the synthesized material (~13 g) was separated into 

two parts and additionally ground in a PQ-N04 planetary 

ball mill (agate balls and mortar) for 30 and 60 min at 

200 rpm. 

The corresponding discs with a diameter of 10 mm 

and a thickness of 2-3 mm were fabricated from the 

obtained Ag8GeS6 powders by using the cold pressing 

technique. The pressing was carried out at the pressure 

close to 400 MPa, to a relative density of 91 ± 1% of the 

theoretical one, which was determined by hydrostatic 

weighing. The resulting discs were annealed in evacuated 

silica ampoules at a temperature of 1073 K for 36 h. The 

heating/cooling rate was 20 K/h. This procedure enabled 

to obtain high quality Ag8GeS6-based ceramics. 

2.2. Methods 

Investigations of Ag8GeS6 powders and ceramic samples 

were carried out using the following methods. 

X-ray diffraction (powders): AXRD Benchtop 

(Proto Manufacturing Limited) – Bragg-Brentano θ/2θ 

parafocusing geometry, 10…90° 2θ angle scanning range 

with dynamic ROI (dynamic region of interest), Ni 

filtered CuKα radiation, 1 s exposure. Phase analysis, 

diffraction peak broadening and crystallite size 

determination were performed using PDAnalysis 

software (supplied by Proto). 

Scanning electron microscopy and energy-

dispersive X-ray spectroscopy (powders and ceramics): 

SEM Vega Tescan 3 (secondary electron, backscattered-

electron (SE, BSE) detectors, applied accelerating 

voltage was 30 kV, operation distance around 15 mm, 

equipped with an energy dispersive X-ray (EDS) detector 

(Oxford Instruments). 

Electrochemical impedance spectroscopy (EIS) 

(ceramics): AT 2818 high-precision LCR meter –  

 

1·10
1
…3·10

5
 Hz frequency range, 293…383 K tempera-

ture range, AC amplitude – 10 mV, gold contacts 

(chemical deposition method from solutions [25]). The 

analysis of the measurement results by using Nyquist 

plots [26, 27] was performed in ZView 3.5. 

3. Results and discussion 

3.1. X-ray powder diffraction 

The phase analysis of the prepared powders was carried 

out by comparison of the experimental diffractograms 

with the known diffractogram of Ag8GeS6 [18]. No new 

diffraction peaks were observed in the diffractograms of 

the micro- and nanocrystalline Ag8GeS6 powders, 

indicating phase homogeneity and absence of 

degradation during the milling process. The obtained 

diffractograms, corresponding to Ag8GeS6 powders, with 

different degrees of dispersion, show a broadening of the 

diffraction peaks (Fig. 1) when passing from micro-

crystalline powders (agate mortar) to nanocrystalline 

powders (ball mill). To quantify the broadening of the 

diffraction peaks for nanocrystalline powders, the 

corresponding values of the full width at half maximum 

(FWHM) parameter were determined. The FWHM 

parameter was calculated for the most intense peak of the 

LT-Ag8GeS6 phase, which corresponds to the (022) plane 

(Fig. 1). The diffractogram of microcrystalline LT-

Ag8GeS6 was used to determine the instrumental line 

broadening. 
 

 

 

Fig. 1. Diffractograms of Ag8GeS6 powders obtained by 

mechanical grinding in an agate mortar and ball mill (for 30 and 

60 min). 
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For the nanocrystalline powders obtained by 

grinding for 30 and 60 min, the FWHM values were 

found to be 0.1158° and 0.5181°, respectively. The 

determined FWHM values were used to estimate the size 

of crystallites according to Scherrer’s equation [28]: 

d = 0.89λ/βcosθβ. The applied Scherrer equation 

determines the particle size (d) as a function on the 

FWHM values of analyzed peak at the θβ position and the 

X-ray wavelength (λ). 

As the structure of LT-Ag8GeS6 belongs to  

the low symmetry class (Pna21), the corresponding 

diffractograms are complicated. This is reflected in the 

presence of a significant number of paired diffraction 

peaks, which complicates their analysis and makes it 

impossible to correctly determine the size of the 

crystallites. This is caused by the fact that the crystal size 

(d60min = 13 ± 3) was only determined for the powder 

ground for 60 min. 

3.2. Microstructure 

The SEM images of Ag8GeS6 powders obtained by 

grinding in a planetary ball mill (Fig. 2) revealed  

the presence of different sizes particles. It is also evident 

that the particles are highly aggregated, i.e., they  

consist of smaller crystallites (Fig. 2). This is further 

confirmed by the XRD method, as the significant 

broadening of the diffraction peaks (Fig. 1) indicates  

the presence of nanoscale crystallites, which are 

aggregated into a larger particle. It was found that  

the average particle size obtained by grinding for 30 min 

is ~ 180 nm, while grinding for 60 min leads to a 

decrease in the average particle size to a value of 

~ 140 nm (insets to Fig. 2). The tendency for the  

average particle size to decrease with increasing  

grinding time is accompanied by a narrowing of  

their distribution range, indicating the presence of a  

 

 
 

greater number of powder particles with similar size 

(insets to Fig. 2). 

Let us consider the microstructure of ceramics made 

from microcrystalline (10…20 µm) and nanocrystalline 

(180, 140 nm) Ag8GeS6 powders (Fig. 3). For simplicity, 

the ceramics made from microcrystalline powder 

(10…20 µm) were referred to as Sample 1, those made 

from powder obtained by grinding in a planetary ball mill 

for 30 min (180 nm) as Sample 2, and those made from 

powder obtained by grinding in a planetary ball mill for 

60 min (140 nm) as Sample 3. It is noteworthy that the 

microstructure of the studied Ag8GeS6-based ceramics 

(Samples 1–3) does not show clear grain boundaries 

between crystallites (Fig. 3). For this reason, it is not 

possible to determine the average crystallite size of 

ceramics Sample 1, Sample 2 and Sample 3. Only 

blurred intercrystalline boundaries and microstructural 

defects, such as small-angle boundaries and micro-voids, 

can be observed (Fig. 3). The occurrence of small-angle 

boundaries, which are best observed for Sample 1 

(Fig. 3a), is related to the different crystallographic 

orientation of the crystallites in the powder and the 

pressed disc. The sintering of differently oriented 

crystallites leads to the appearance of this type of 

boundaries. 

It should be noted that the number of micro-voids 

increases in the row Sample 1 → Sample 2 → Sample 3. 

This is due to the fact that a finer powder, in our case 

~140 nm, has a higher surface free energy as compared to 

that for ~180 nm powder and 10…20 µm. As a result, 

recrystallization of a finer powder is much more efficient, 

which causes formation of more voluminous and 

concentrated micro-void areas (Fig. 3). 

No less important is the homogeneous chemical 

composition of Ag8GeS6-based ceramics, as it is 

indicated by the uniform distribution of chemical 

elements on EDS maps (Fig. 4). It is noteworthy that  

 

 
 
Fig. 2. SEM images of Ag8GeS6 powders obtained by grinding in a planetary ball mill. The inset shows the particle size 

distribution. 
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darker areas can be observed on the EDS maps of 

Samples 1 to 3, which is especially noticeable on the Ag 

and S maps, i.e., areas with a lower concentration of 

chemical elements, but these areas are located in the 

region of micro-voids (Fig. 4). 

 

 
Considering the above results, it can be concluded 

that recrystallization of both micro- and nanocrystalline 

Ag8GeS6 powders does not lead to a significant deviation 

in the chemical composition of the corresponding 

ceramic materials. 

 
 

Fig. 3. SEM images of ceramics prepared by pressing and subsequent annealing of 10…20 µm (a), 180 nm (b) and 140 nm (c) Ag8GeS6 

powders. 

 
 

 

Fig. 4. EDS elemental distribution maps for Ag8GeS6-based ceramics: Sample 1 (a), Sample 2 (b) and Sample 3 (c). 

a) b) c) 
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Fig. 5. Frequency dependence of the total electrical 

conductivity for ceramic materials made on the basis of 

Ag8GeS6. 

 

3.3. Electrical conductivity 

It has been ascertained that, for all Ag8GeS6-based 

ceramic materials (Fig. 5), the increase in frequency leads 

to a small increase in the total electrical conductivity, i.e. 

of the same order. This indicates a relatively low value of 

the ionic component of the electrical conductivity. This 

frequency behavior of the total electrical conductivity of 

Ag8GeS6-based ceramics (Fig. 5) is similar to that 

observed for single crystalline Ag8GeS6 [18]. 

To determine the ionic conductivity values of 

Samples 1–3 ceramics, the frequency dependence of the  

 

 

total electrical conductivity was analyzed using 

electrochemical equivalent circuits (EEC) in Nyquist 

plots (Fig. 6a). The analysis took into account the 

parasitic inductance of the cell, which is ~ 10
–8

 H. 

Two semicircles are observed in the Nyquist plots 

(Fig. 6a) for all the Ag8GeS6-based ceramic materials 

(Samples 1–3) in the investigated temperature range. The 

low frequency semicircles in the Nyquist plots are 

responsible for the capacitance of double diffusion layer, 

which is marked as Cdl in EEC, while the appearance of 

high frequency semicircles is associated with inter-

crystalline boundaries and defect boundaries (Fig. 3), 

which occur during recrystallization of micro- and 

nanocrystalline powders. In EEC, these semicircles are 

described by the resistance Rgbi with the parallel 

capacitance Cgbi. The resistance responsible for the 

electronic part of the electrical conductivity Re affects the 

representation of both semicircles in Nyquist plots. EEC 

shown in Fig. 6a describes the frequency behavior of the 

total electrical conductivity over the entire temperature 

range studied. Thus, the value of the ionic component of 

the electrical conductivity can be set as 1/Rgbi, and the 

electronic component as 1/Re. 

Due to the rather low values of the electronic com-

ponent of the electrical conductivity, it was not possible 

to determine it with sufficient accuracy, so we will focus 

on the consideration of the ionic conductivity only. 

As a result of the analysis, it was found that the 

temperature dependence of the ionic component of the 

electrical conductivity for Samples 1–3 is linear 

(Fig. 6b), which indicates its thermoactivation character. 

As a result, the activation energies of the ionic 

component of the electrical conductivity were determined 

for all ceramic materials by using the Arrhenius equation. 

 

 

  
 

Fig. 6. Nyquist plots and EEC for ceramics made on the basis of Ag8GeS6 (a) (experimental data correspond to filled rings and 

calculated data – to unfilled rings) at 298 K; temperature dependence of the ionic component of the electrical conductivity (b). 
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Fig. 7. Dependence of the ionic component of electrical 

conductivity and its activation energy for Samples 1–3. 
 
 

It has been observed that the value of the ionic 

component of the electrical conductivity in the series 

Sample 1 → Sample 2 → Sample 3 is characterized by a 

monotonic decrease, while the value of the activation 

energy of the ionic conductivity increases monotonically. 

It is noteworthy that the increase in the ionic conductivity 

is insignificant, i.e., within the same order of magnitude 

(Fig. 7). It should be noted that the value of the ionic 

component of the electrical conductivity for ceramic mate-

rials Sample 1–3 is commensurate with the corresponding 

one determined for the single crystalline Ag8GeS6 

(4.09·10
–5

 S/cm) [18]. Moreover, the activation energy 

value for the Ag8GeS6 single crystal, which is 0.37 eV 

[18], is lower than for ceramics of the corresponding 

composition. This behavior may be related to an increase 

in the number of microdefects (Fig. 3) formed during 

recrystallization of micro- and nanocrystalline powders. 

4. Conclusions 

The synthesized polycrystalline Ag8GeS6 alloy was used 

to obtain powders with different degrees of dispersion. 

The microcrystalline powder was obtained using 

mechanical grinding in an agate mortar followed by 

sieving to obtain a fraction with a grain size of 10 to 

20 µm. The nanocrystalline powders were obtained by 

grinding in a planetary mill for 30 and 60 min. As a 

result, nanopowders with an average crystallite size of 

180 nm (30 min) and 140 nm (60 min) were obtained. 

Diffractograms of nanocrystalline Ag8GeS6 powders 

show a broadening of the diffraction peaks, which 

indicates a presence of nanoscale particles.  

Based on the obtained micro- and nanopowder of 

Ag8GeS6 by a cold pressing technique, with a following 

annealing, ceramic samples were prepared. Investigation 

of ceramics microstructure by using the SEM method has 

shown that during the recrystallization process the grain 

boundaries between crystallites are not clear. Analysis of 

the obtained ceramics by using the EDS method indicates 

chemical homogeneity of ceramics, which is confirmed by 

a uniform distribution of chemical elements on EDS maps. 

Investigation of Ag8GeS6-based ceramic materials 

by using the EIS method has shown the increase in total 

electrical conductivity with the frequency increasing, 

which is typical for superionic materials. Analysis of the 

obtained frequency dependences was carried out by 

means of Nyquist plots and electrochemical equivalent 

circuits. The corresponding values of ionic part of 

conductivity have been determined. Using the 

temperature dependence of conductivity, the activation 

energies of the ionic component of the electrical 

conductivity were determined using the Arrhenius 

equation. 
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Виготовлення та іонна провідність керамічних матеріалів на основі Ag8GeS6 

А.І. Погодін, М.Й. Філеп, С. Воробйов, V. Komanicky, Т.О. Малаховська, О.П. Кохан, В.В. Вакульчак 

Анотація. У даній роботі представлено результати дослідження керамічних матеріалів, виготовлених на основі 

порошків Ag8GeS6 з різною дисперсністю. Середній розмір зерна мікрокристалічного порошку становить 

10…20 мкм, а нанокристалічних ~140 нм i ~180 нм. Порошкоподібні матеріали досліджено методами РФА та 

СЕМ. Керамічні зразки на основі Ag8GeS6 одержано відпалом (1073 K) спресованих (400 MПа) дисків. 

Дослідження поверхні керамік методами СЕМ та енергодисперсійної рентгенівської спектроскопії вказують на 

однорідність хімічного складу одержаних керамік. Електричну провідність одержаних керамік досліджено 

методом імпедансної спектроскопії у широкому частотному (1·10
1
…3·10

5
 Гц) та температурному (293…383 K) 

діапазонах. Для всіх керамік спостерігається зростання електричної провідності з підвищенням частоти.  

За одержаними результатами встановлено значення іонної провідності та енергії активації відповідних 

керамічних зразків Ag8GeS6. 

Ключові слова: аргіродит, суперіонний провідник, кераміка, імпедансна спектроскопія, електрична 

провідність. 
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