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Abstract. Micro- and nanocrystalline powders were prepared by grinding of pre-

synthesized Ag6PS5I in an agate mortar and a planetary ball mill, which were further 

investigated using XRD and SEM methods. Appropriate ceramic materials in the form of 

disks with a relative density of (91…94) ± 1% of the theoretical one were made using  

the cold pressing method for the obtained powders with subsequent annealing at the 

temperature 923 K. The values of the ionic and electron components of the total electrical 

conductivity were obtained analyzing the corresponding frequency dependences of the total 

electrical conductivity on the Nyquist plots using electrode equivalent circuits. It has been 

ascertained that reduction of crystallite sizes in Ag6PS5I-based ceramic materials leads to a 

slight increase in ionic conductivity and a significant increase in the electronic one, 

resulting in a decrease of the ratio between them.  
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1. Introduction 

In recent years, research has been carried out on the 

transition from traditional Li
+
 ion batteries to All-Solid-

State Batteries (ASSBs), in which the liquid electrolyte is 

replaced with a solid-state ionic conductor. Solid-state 

electrolytes have a number of advantages, they are non-

flammable, have a less reactivity to air and battery 

electrodes [1–5]. Application of solid-state electrolytes 

not only increases the safety of batteries, but also helps to 

increase their manufacturability. Therefore, studies of 

ceramic materials as solid-state electrolytes for their 

application in batteries are actively performed [6–9]. 

Widespread commercial application of ASSBs is limited 

to the search for suitable materials with high values of 

ionic conductivity in the solid state at room temperature. 

Among the promising compounds, the representatives of 

argyrodites – complex ternary or quaternary chalco-

genides and chalcohalogenides  – are highly attractive. 

Argyrodites always contain two cations (Me
+
 and E

n+
, 

where n = 3…5) and are united by a similar structural 
motif are worth mentioning [10, 11]. The structural motif 

of argyrodites is a close packing of tetrahedra based on a 

multicharged cation E
n+

 (rigid anionic sublattice), in the 

voids of which there are single-charged cations Me
+
 with 

different coordination (linear, trigonal, tetrahedral)  

[10–12]. Along with different coordination, single-

charged cations have different site occupancy factor of 

crystallographic positions, which defines its disorder. 

Simultaneous coexistence of the rigid anionic framework 

and disordered cationic sublattice ensures the mobility of 

Me
+
 ions and relates the argyrodites to superionic 

conductors [12–15].  

The ternary and quaternary argyrodites based on 

four and five valence elements E
n+

 are the most studied 

ones. They are characterized by a variety set of 

properties: optical [16–18], superionic [19–23] and 

thermoelectric [24, 25]. However, among various 

argyrodites Ag
+
-containing phases with relatively high 

ionic conductivity in the solid state and high chemical 

resistance, as compared to the Li
+
-containing compounds 

[26–30], should be mentioned. Ag6PS5I crystallizes in the 

cubic crystal system mF 34  (No 216) and lattice 

parameters: а = 10.4745 Å, Z = 4 [30]. Studies of the 

electrical conductivity of Ag6PS5I in the polycrystalline 

form (obtained using the solid-state synthesis) [26] and 

monocrystalline samples (crystallization from solution-

melt) [30] indicate a high solid-state conductivity. The 

total electrical conductivity of Ag6PS5I obtained in  
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polycrystalline form is 1.2·10–4
S/cm (300 K), and for 

monocrystalline samples the ionic and electronic conduc-

tivity components constitute 1.79·10–3
 and 1.64·10–6 

S/cm 

(298 K), respectively. As reported in [18], optical absorp-

tion edge of Ag6PS5I crystals has an exponential shape 

and the optical pseudogap is 2.138 eV [18].  

This paper is aimed at ascertaining the influence of 

the recrystallization process on the change of electrical 

properties of Ag6PS5I-based ceramics prepared from 

micro- and nanocrystalline powders of different 

dispersion. 

2. Experimental 

Synthesis of Ag6PS5I was carried out from stoichiometric 

amounts of elemental silver (99.995%), phosphorus 

(99.99%), sulfur (99.999%), and pre-synthesized binary 

AgI, additionally purified using the directional 

crystallization method, in evacuated silica ampoules 

(0.13 Pa). The synthesis regime included a stepped 

heating up to 723 K at the rate close to 100 K/h 

(exposure during 48 h), a further temperature increase up 

to 1100 K at the rate 50 K/h and ageing at this 

temperature for 24 hours. The cooling to room 

temperature was performed in the oven off mode. 

Micro- and nanocrystalline powders obtained by 

grinding in agate mortar and planetary ball mill PQ-N04 

at the speed 200 rpm for 30 and 60 min, respectively, 

were used for preparation of Ag6PS5I ceramics. To 

ensure the appropriate granulometric composition, 

powders obtained by grinding in an agate mortar were 

sifted through a sieve with the pore size close to 20 µm. 
Ag6PS5I powders obtained by grinding were studied 

using powder XRD (AXRD Benchtop, Ni-filtered CuKα 
radiation, Bragg–Brentano geometry, θ/2θ mode, 2θ 
scanning angle range 10…90° with dynamic region of 
interest and exposure 1 s) and SEM technique (powders 

obtained using grinding in planetary ball mill PQ-N04). 

Our analysis of experimental powder patterns 

(Fig. 1) indicates that powders obtained by grinding in a 

ball mill are characterized by a significant broadening of 

the peaks in comparison with microcrystalline powder 

Ag6PS5I, which is a characteristic of nanoscale objects. 

Also, the appearance of new reflexes and displacement of 

already existing ones on the powder patterns of samples 

ground in a planetary ball mill (Fig. 1) is not observed. 

This indicates that long-term grinding does not cause a 

change in the crystal structure and degradation of 

nanopowders. The results of optical microscopy studies 

(METAM-R1) showed that the sizes of crystallites 

obtained by grinding in an agate mortar are within 

~10…20 µm. Unfortunately, the average size of 

crystallites in the powder could not be ascertained with a 

sufficient accuracy, which is caused by its low reflective 

ability. The analysis of SEM images showed that the 

average size of crystallites obtained by grinding in a ball 

mill is indicative of sizes close to ~150 nm (30 min) and 

~100 nm (60 min), respectively, which can be seen from 

the corresponding histograms of particle size distribution 

(Fig. 2). 

 
 

Fig. 1. XRD patterns of micro- and nanocrystalline Ag6PS5I 

powders. 
 

 

The disks with a diameter of 10 mm and a thickness 

of 2...3 mm were prepared by cold pressing of the 

corresponding micro- and nanocrystalline powders at the 

pressure close to 400 MPa. Ag6PS5I-based ceramics was 

obtained by the annealing of these disks at 923 K for 36 h 

(heating / cooling rate 20 K/h). The corresponding 

temperature is ~60 K lower than all thermal effects on 

the Ag6PS5I DTA curve [30]. This should maximally 

promote the recrystallization process [31], and not just 

the solid-state annealing of powders. Recrystallization 

should contribute to increasing the efficiency of ion 

transport by reducing the number of intercrystalline 

boundaries, it will also lead to an increase in the 

mechanical stability of the obtained ceramic materials 

[32, 33]. 

It was ascertained using the hydrostatic weighing 

method that the relative density of disks (before 

annealing) pressed from microcrystalline powders 

constitutes 91 ± 1%, while in the case of nanocrystalline 

powders its value is 94 ± 1% of the theoretical one. It is 

noteworthy that the recrystallization did not cause an 

increase/decrease in the porosity of ceramics, as 

evidenced by similar values of density, which were 

determined in the materials after annealing. 

The prepared ceramic materials were investigated 

using the microstructural analysis with the metallo-

graphic microscope METAM-R1 (Fig. 3) in order to 

determine the size of crystallites after annealing. 

According to the results of microstructural analysis, 

particle size distribution histograms for different time of 

grinding were plotted (Fig. 3). It was ascertained that 

ceramic samples obtained by sintering the nano-

crystalline powders are characterized by a more homo-

geneous  microstructure characterized  by the distribution  
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of particles in a narrower range, in contrast to the 

samples obtained by sintering the microcrystalline 

powder with the particle sizes of 10…20 µm. As a result 

of recrystallization process, the average size of 

crystallites for ceramics obtained from microcrystalline 

powder is ~8.2 µm, and from nanocrystalline powders 
obtained by grinding for 30 and 60 min is ~5.6 and 

~3.3 µm, respectively. 
The electrical conductivity studies of Ag6PS5I-

based ceramic materials were performed using 

impedance spectroscopy [34], within the frequency 

(1·101…3·105
 Hz) and temperature (293…383K) ranges 

with the high-precision LCR meter AT 2818. The 

amplitude of alternating current was equal to 10 mV. 

Measurements were carried out using the two-electrode 

method with blocking (electron) gold contacts. Gold 

contacts for measurements were applied by chemical 

precipitation from solutions (293 K) [20, 21]. The 

analysis of obtained dependences by using the Nyquist 

plots was performed with the ZView 3.5 program. 

 

 

 

 

 

 

3. Results and discussion 

The frequency dependences of the total electrical 

conductivity for Ag6PS5I-based ceramic materials 

(Fig. 4) are typical, which is manifested in the increase of 

electrical conductivity with frequency. This is one of the 

characteristic features, which indicates the presence of 

ionic conduction. However, it should be noted that the 

above-mentioned growth is insignificant, i.e., occurs only 

within one order, which is obviously caused by the 

relatively high values of electron component of the 

electrical conductivity.  

It was found that the decrease in size of crystallites 

8.2 → 5.6 → 3.3 µm (insert to Fig. 4) causes a slight 

increase in the total electrical conductivity that is deter-

mined at the frequency 100 kHz. For a detailed analysis 

of frequency behavior inherent to the total electrical 

conductivity in order to determine the contributions of 

ionic and electron conduction, a standard approach using 

electrode equivalent circuits (EEC) [34–36] was used.  

 

 

 

 

Fig. 2. Histograms of particle size distribution for Ag6PS5I powders obtained by grinding in the planetary ball mill. 

 

Fig. 3. Histograms of crystallite size distribution for Ag6PS5I ceramic samples obtained by sintering the micro- and nanocrystalline 

powders. 
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Fig. 4. Frequency dependences of the total electrical con-

ductivity for Ag6PS5I-based ceramic materials: 1 – 8.2, 2 – 5.6, 

3 – 3.3 µm. The insert shows the dependence of total electrical 
conductivity (f = 100 kHz) on the size of crystallites (T = 298 K). 
 

 

This includes analysis of frequency dependences on 

Nyquist plots. The parasitic inductance of the cell 

(~2·10–8
 H) is taken into account during this analysis.  

Ceramics made of micro- and nanocrystalline 

Ag6PS5I powders are characterized by a mixed ionic-

electronic type of electrical conduction, like to that of 

single crystals of the corresponding composition [30]. 

For all ceramic materials, two semicircles (Fig. 5) within 

the temperature range ~293…353 K are observed, except 
for ceramics with a crystallite size of 8.2 µm (Fig. 5a, 

curve 1), for which three semicircles are observed. 

Frequency behavior of electrical conductivity for all the 

ceramics could be explained using single ЕЕС (Fig. 5). 

For low-frequency semicircles in the Nyquist plots, the 

capacitance of double diffusion layer Cdl with 
sequentially included parameters Rgb/Cgb (resistance and 
capacitance of grain boundaries) is responsible. These 

parameters, in turn, are responsible for the end of the 

low-frequency semicircle, and in the case of ceramics 

with the crystallite size 8.2 µm (Fig. 5a, curve 1) cause 

the appearance of a medium-frequency semicircle. The 
appearance of the latter (Fig. 5a, curve 1) can be 

explained by clearer grain boundaries formed during the 

annealing of microcrystalline powders and a wider range 

of crystallite distribution in contrast to that in ceramics 

pressed from nanocrystalline powders (Fig. 3). 

For high-frequency semicircles (Fig. 5, curves 1 and 
2) in the Nyquist plots of all cases, the resistance and 
capacitance of intracrystalline boundaries (Rdb/Cdb) are 

responsible, which can be considered low-angle domains. 

Their formation is most likely facilitated by sintering the 

crystallites with different crystallographic orientation. 

Above 353 K, all these materials are characterized 
by the presence of only one semicircle in the Nyquist 

plots (Fig. 5, curve 3). In this case, the above parameters 

responsible for the resistance and capacitance of grain 

and intracrystalline boundaries represent the high-

frequency section of the semicircle. The degeneracy of 
two semicircles into one is primarily associated with the 

growth of the electronic component of electrical 

conductivity. 

 
 

 
 

 
 

Fig. 5. EEC and Nyquist plots for Ag6PS5I-based ceramics with 

different dispersion: (a) 8.2 µm, (b) 5.6 µm, (c) 3.3 µm;  
1 – 298 K, 2 – 323 K, 3 – 373 K. Experimental data are 

designated with the filled circles, and the calculated ones – with 

the blank circles. 
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Fig. 6. Temperature dependences of ionic and electronic 

components of electrical conductivity for Ag6PS5I-based 

ceramics. 
 

 

Thus, the ionic component of electrical conductivity 

is determined by the sum of the resistances responsible 

for the grain and intracrystalline boundaries of ceramic 

materials. In parallel with the above-described ionic 

processes, the electronic resistance Re, which is 

responsible for the electronic component of electrical 

conductivity, was introduced into EEC. 

The performed analysis of impedance spectra made 

it possible to study the temperature dependence of 

components of electrical conductivity and to ascertain the 

influence of size effect on the change in ionic and 

electronic conductivity. The temperature dependences of 

the electronic and ionic components of electrical 

conductivity in the Arrhenius coordinates are shown in 

Fig. 6. It was found that for all the ceramic materials 

made on the basis of Ag6PS5I they are linear, which 

indicates the thermal activation nature of electrical 

conductivity. This provided an opportunity to calculate 

the activation energies of both components providing the 

electrical conductivity. 

It was ascertained that the decrease in the size of 

crystallites 8.2 → 5.6 → 3.3 µm (Fig. 7a) leads to a 

monotonous increase in the values of both ionic and 

electronic components of electrical conductivity,  

and if the value of ionic conductivity increases within 

3.86·10–4…4.54·10–4
S/cm, the value of the electronic 

component increases by more than an order of 

magnitude. It results in a monotonous decrease in the 

ratio between the components of electrical conductivity 

(insert to Fig. 7a).  

 

 

 
 

 
 
Fig. 7. Dependence of ionic, electronic conductivity (a) (T = 

298 K) and their activation energies (b) on the dispersion of 

Ag6PS5I-based ceramic material. The insert shows the ratio 

between the components of electrical conduction (T = 298 K). 
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Fig. 7b shows the dependence of the activation 

energy of the ionic and electronic components of 

electrical conduction on the size of the crystallites. There 

is a monotonous decrease in the activation energies of 

both components inherent to the electrical conduction. 

This behavior of electrical conduction components and 

their activation energies can be partially associated with a 

decrease in porosity by 3 ± 1% (for ceramics with the 

crystallite sizes of 8.2 → 5.6 µm), which, as described 
above, was determined by the hydrostatic weighing. 

However, further reduction in the crystallite sizes of 

Ag6PS5I ceramic to 3.3 µm does not lead to a change in 

porosity, while the values of electrical conduction 

components continue to increase, and their activation 

energies decrease (Fig. 7). Probably, the main factor is 

the different recrystallization ability of micro- and 

nanocrystalline powders. Namely, the sintering of larger 

size (~10…20 µm) crystallites can cause a less degree of 
recrystallization, as compared to nanocrystalline powders 

with an average crystallite size of ~150 and ~100 nm. 

This can result a tendency that the decrease in a 

crystallites size of initial powders will lead to a decrease 

in the number of distinct intercrystallite boundaries and, 

accordingly, cause the increase of “blurred” boundaries. 
Undoubtedly, reducing the number of boundaries with a 

distinct surface separation will contribute to the increase 

in the values of both components of electrical conduction 

and the reduction of their activation energies. 

4. Conclusions 

Superionic conductor Ag6PS5I was synthesized from the 

melt and further was grinded to a micro- and 

nanocrystalline powders. XRD studies showed that the 

grinded Ag6PS5I powders aren’t prone to degradation. 
For grinded in ball mill powders, a significant 

broadening of the diffraction peaks was observed, which 

is typical for nanoscale objects. The Ag6PS5I-based 

superionic ceramics in the form of disks with the 

diameter 10 mm and thickness 2...4 mm were obtained 

using the solid-state sintering method of microcrystalline 

and nanocrystalline powders. 

Using the optical microscopy method, it was 

established that the size of the crystallites after sintering 

of different size powders stay within the range of 8.2 to 

3.3 µm. Using the impedance spectroscopy method, the 
measurement of total electrical conductivity was carried 

out within the temperature 293…383 K and frequency 
1·101…3·105

 Hz ranges on the corresponding ceramic 

materials. It has been ascertained that the decrease in 

crystallite sizes 8.2 → 5.6 → 3.3 µm causes a slight 
increase in the total electrical conductivity. The electrical 

conduction was further separated into ionic and 

electronic components by analyzing the Nyquist plots by 

using EEC. It has been ascertained that prepared Ag6PS5I 

ceramics are characterized by a mixed ion-electronic type 

of electrical conduction. 

It was ascertained that a decrease in the crystallite 

sizes (8.2 → 3.3 µm) of ceramics corresponds to a certain 
increase in the values of both the ionic and electronic 

components of electrical conduction. The increase in the 

values of the electronic component of electrical 

conduction is more significant than that of the ionic 

component. This leads to a decrease in the ratio between 

the components of electrical conduction. It has been 

ascertained that the temperature dependences of the 

electrical conductivity components are subject to the 

Arrhenius equation, which allowed us to determine the 

corresponding activation energies for all ceramic 

materials. A decrease in the values of corresponding 

activation energies for both components of electrical 

conduction has been observed. This behavior of 

components of electrical conduction and their activation 

energy can be related to the increase in the number of 

intercrystalline boundaries (“blurred”) during the 
recrystallization of different dispersion powders. 
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Вплив розмірів кристалітів на електричні властивості керамічних матеріалів на основі Ag6PS5I 

А.І. Погодін, І.О. Шендер, М.Й. Філеп,О.П. Кохан, О.І. Симканич, Т.О. Малаховська, Л.М. Сусліков, 
П. Копчанський 

Анотація. Шляхом розмелювання попередньо синтезованого Ag6PS5I в агатовій ступці та планетарному 
кульовому млині одержано мікро- та нанокристалічні порошки, які в подальшому досліджено з 
використанням методів XRD та SEM. Методом холодного пресування одержаних порошків з подальшим 
відпалом при температурі 923 K виготовлено відповідні керамічні матеріали у формі дисків з густиною 
(91…94) ± 1% від теоретичної. Значення іонної та електронної складових загальної електропровідності 
одержано шляхом аналізу відповідних частотних залежностей загальної електропровідності на діаграмах 
Найквіста з використанням еквівалентних схем електродів. Установлено, що зменшення розмірів кристалітів 
керамічних матеріалів, виготовлених на основі Ag6PS5I, приводить до незначного зростання іонної складової 
та суттєвого зростання електронної складової провідності, що викликає зменшення співвідношення між 
ними. 

Kлючові слова: аргіродит, суперіонний провідник, кераміка, імпедансна спектроскопія, електропровідність. 


