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Abstract. The single crystals of quaternary halogen Ag¢PSsI were grown from the
solution—melt by means of a vertical zone crystallization method. The crystal structure has
been ascertained using the Rietveld method. Investigation of electrical conductivity was
carried out using the impedance spectroscopy technique within the frequency range 1-10'—
3-10°Hz and temperature interval 293-383 K on gold contacts applied by chemical
deposition from solution. Ionic (1.79:107°S/cm) and electronic (1.64-107°S/cm)
components of electrical conductivity have been determined using the Nyquist plots. The
mechanism of ionic conductivity for AgePSsl single crystal has been proposed which can be
considered as ion diffusion through “channels” Ag2—Ag?2.
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1. Introduction

Secondary energy sources are becoming increasingly
widespread in everyday life (portable electronic devices,
electric vehicles, batteries) [1-3]. Currently, Li* ion
batteries (LIB) with liquid electrolyte have received the
greatest commercial use [1, 2, 4]. However, it should be
noted that despite their widespread use, modern LIBs are
approaching their limit of use and are not devoid of a
number of shortcomings [1-3]. This leads to the search
for new functional materials for energy storage, changes
in the electrolyte material, efc. [1,2]. One of the
promising directions for the development of secondary
energy sources is an all-solid-state battery (ASSB) with
an inorganic solid-state ion conductor as an electrolyte
[1,2,5].

Compounds related to solid-state ion conductors are
characterized by significant ionic conductivity (due to
mobile ions), a large number of possible crystallographic
positions and their partial occupancy, polyhedra
composition of crystal structure (provides the diffusion
of ions) [6].

The above requirements are met by a wide class of
ternary and quaternary compounds with the argyrodite
structure [7-9]. These compounds contain two types of

cations in their composition: 1) the multi-charge cation
together with the anion forms a rigid anionic frame,
2) single-charge (rarely dual-charge) cation with different
coordination and occupancy positions [7-9]. The most
studied are phosphorus-containing argyrodites Me;PSq
and MegPSsHal (Me = Cu”, Ag", Li*; Hal = Cl, Br, I). For
them, structural, electrical and optical properties were
studied using the samples obtained in the form of single-
and polycrystals, composites, ceramics and thin films
[10-17].

Analysis of the available literature data indicates
that the least studied is the compound Ag¢PSsI, which
was first described in the paper [7]. The authors of the
paper [7] indicate that Ag¢PSsI belong to cubic syngony

(F43m, a = 10.474 A), but their crystal structure is not
described. The study of electrical conductivity of
AgePSsI polycrystalline samples by using impedance
spectroscopy in the frequency range of 2 — 20-10° Hz, the
value of the total electrical conductivity (1.2-10~* S/cm at
300K) and the corresponding activation energy
(0.24 eV) were determined. The higher value of electrical
conductivity (7.4-107S/cm at 300 K) and the lower
value of activation energy (0.22eV) for Ag¢PSsl
polycrystalline samples are given in the paper [18].
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Electrical properties of composites based on
(Cu;_xAgePSsl solid solutions were investigated in Ref.
[19].

The above mentioned defines the expediency of
growing single crystals and detailed studies of Ag¢PSsl
crystal structure. Thus, the purposes of this work were as
follows: to obtain Age¢PSsl in a single crystal form, study
the peculiarities of crystal structure, measure ionic and
electronic components of electrical conductivity, and
ascertain the relationship between structural and
electrical properties.

2. Experimental

Synthesis of Ag¢PSsI was carried out in vacuumed down
to 0.13 Pa silica ampoules by using simple substances:
silver  (99.995%), phosphorus (99.999%), sulfur
(99.999%), and pre-synthesized binary silver (I) iodide,
additionally purified using the directional crystallization
method, taken in stoichiometric ratios. Ag¢PSsI synthesis
mode included a stepped heating up to 723 K at the rate
close to 100 K/h (ageing during 48 h), a further increase
in temperature up to 1100 K at the speed 50 K/h and
ageing at this temperature for 24 hours. Cooling was
performed in the oven off mode.
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Fig. 1. Thermogram of AgsPSsI compound.

Fig. 2. General view of Ag¢PSsl single crystal.

To establish the optimal temperature regime for
growing Ag¢PS;sl single crystals, studies were carried out
by differential thermal analysis (Fig. 1) (chromel-alumel
thermocouples, heating/cooling rate 700 K/h).

As can be seen from Fig. 1, two endothermic effects
are observed on the thermogram in the heating mode at
temperatures of 987+ 5K and 1023 +£5 K. The first,
obviously, corresponds to the peritectic decomposition
reaction: Ag¢PSsI <> L + Ag,S, the second — liquidus. It
should be noted that in the cooling mode there is only
one exothermic effect (with hypothermia (1015 + 5 K),
which corresponds to formation of quaternary
halogenchalcogenide: L + Ag,S <> Ag¢PSsl. Taking into
account the nature of melting and crystallization, the
growth of AgePSsl single crystals was carried out using
the method of vertical zone crystallization from a
solution—melt. The process took place in a two-zone
tubular resistance furnace (melt zone temperature
1075 K, annealing zone — 680 K) using a special
configuration silica container. In order to homogenize the
melt, 24 hours of ampoule ageing was carried out in the
melt zone. Growing the single crystal consists of
formation of a seed in the lower conical portion of the
container by applying the method of recrystallization in
the course of 24 hours and the crystal build-up on the
formed seed. The optimum rate of the crystallization
front movement constituted 0.4...0.5 mm/h, the
annealing temperature was 680 K (72 h), the cooling rate
to room temperature —5 K/h. Using this method, Ag¢PSsI
single crystals of dark red colour with a metallic luster
with the length of 3040 mm and the diameter close to
12 mm were obtained (Fig. 2).

To study the peculiarities of crystal structure and to
ascertain the mechanism of ionic conductivity, the study
of obtained single crystal was carried out using X-ray
analysis by the Rietveld method [20] (Fig.3). The
experimental data were obtained using the AXRD
Benchtop powder diffractometer (Proto Manufacturing
Limited) equipped with hybrid photon counting detector
DECTRIS MYTHEN2R 1D, focusing geometry -
Bragg—Brentano 6/20, CuKa radiation (Ni — filter), angle
scanning range 10-120° 26 with dynamic ROI (region of
interest), exposition 1 s. Calculation and refinement of
the model was carried out using the program EXPO 2014
[21], visualization — using VESTA 3.4.4 [22]. The main
structural parameters of Ag¢PSsI compound are given in
Table.

Investigations of electrical conductivity of Ag¢PSsl
single crystal were carried out using impedance spectro-
scopy [23] within the frequency range 1:10'-3-10°Hz
and temperature interval 293-383 K with the high-
precision LCR meter AT 2818. The amplitude of the
alternating current constituted 10 mV. Measurement was
carried out by the two-electrode method, on blocking
(electronic) gold contacts. Gold contacts for measu-
rements were applied by chemical precipitation from
solutions. As starting solutions, 0.02M tetrachloroaurat
(IIT) sodium Na[AuCl;] and formalin solution
(40% CH,0+8% CH;0H+52% H,0O) (deoxidant) were
used in the ratio of 5/1 (selected experimentally).
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Fig. 3. Experimental and calculated diffractograms for Ag¢PSsl. (Colour online.)

a)

b)

Fig. 4. [PS,] tetrahedra (a) and [SSel;] icosahedron (b) in the structure of AggPSsl.

Table. Parameters of crystal structure model for Ag¢PSsl
compound (positions, coordinates (x, y, z), isotropic atomic
displacement parameters By, and site occupancy factors
(SOF); fixed value is marked with the asterisk *).

Atom | Position X y Z B, (AZ) SOF
11 4a 1.0000| 0.5000 | 0.5000 | 4.147 | 1.000
S1 16e |1.1225| 0.3775 | 0.1225 | 0.500* | 1.000
S2 4d 0.7500| 0.2500 | 0.2500 | 4.331 1.000
Pl 4b 1.0000| 0.5000 | 0.0000 | 4.941 1.000
Agl 24g 10.9780| 0.2500 | 0.2500 | 0.995 | 0.531
Ag2 48h |0.9707| 0.3349 | 0.3349 | 0.674 | 0.239

Precipitation was carried out at the temperature no higher
than 293 K. Increasing the temperature has a negative
effect on the quality of deposited film due to the growth
of recovery rate. The analysis of received dependences
by using the Nyquist plots was carried out with the
program ZView 3.5.

3. Results and discussion

3.1. Crystal structure

It is known that Ag¢PSsI compound crystallizes in a face-
centred cubic cell of argyrodite structure (spatial group

F43m, Z=4) with the lattice parameter a =
10.4745(1) A and is characterized by the presence of a
rigid anionic frame and mobile cationic sublattice [7, 8].
The basis of the anionic frame of AgePSsl structure is
[PS4] (Fig.4a), [S;I] and [Sl;] tetrahedra, of which
icosahedra are formed (Fig. 4b), which is typical for all
compounds with argyrodite structure.
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Fig. 6. Frequency dependences of total electrical conductivity
at different temperatures for AggPSsl single crystal. The insert
shows the temperature dependence of the total electrical
conductivity at 100 kHz.

The icosahedra formed from the aforementioned
tetrahedra are coordinated around the sulfur atom S1
(16e), which is simultaneously the vertex of [PS,]
tetrahedra. Since the presence of interpenetrating
icosahedra is characteristic of the structure of the
argyrodite, S1 is also the vertex of the next [SSol;]
icosahedron. In the structure of AgPSsI, [PS,]
tetrahedron (Fig. 4a) is symmetrical (absolutely central
placement P), the lengths of P—S bonds are 2.222 A, the
distances S-S are 3.629 A, the tetrahedron volume
constitutes 5.63 A%, Additionally, one can distinguish
double tetrahedra [AgS;l,] (Fig.5) formed by sulfur
atoms S1, S2 and atom I1. These doubled polyhedra are
coordinated around the Agl and Ag2 positions, from
which a mobile cationic sublattice is formed.

Thus, in the structure of Age¢PSsI compound, two
symmetrically independent silver atoms can be
distinguished in the positions Agl (24g) and Ag2 (48h),
with Agl being in triangular coordination of sulfur atoms
(S1S2S1) with a slight displacement to the S1S2 edge,
while the Ag2 atom is tetrahedrally coordinated
(S1S2S111) with displacement to the planes of triangles
(S1S2S1) and (S1S211) (Fig. 5).

3.2. Electrical conductivity

The frequency dependences of the total electrical
conductivity at different temperatures for AgePS;l single
crystal are shown in Fig. 6. With increasing the
frequency, there is an increase in electrical conductivity,
which is characteristic of materials with ionic
conductivity in solid state [24]. In the insert to Fig. 6, the
temperature dependence of the total conductivity at the
frequency 100 kHz is shown. It is found that it is linear in
nature and can be described by the Arrhenius equation,
which testifies the thermoactivating character of
conductivity. With its help, the activation energy of total
electrical conductivity was determined, the value of
which is in good agreement with the known literary data
for AggPSsI [11, 18].

For a detailed analysis of the frequency behaviour
of electrical conductivity, its separation into ionic and
electronic components, the electrode equivalent circuit
(EEC) and Nyquist plots were constructed [25]. It should
be noted that the parasitic inductance of the cell
(~2-10"® H) was taken into account during the analysis.

It was ascertained that Ag¢PSsI single crystal
possesses a rather low value of electronic conductivity
(Gion > Ge), Which leads to the displacement of the low-
frequency semicircle into the low-frequency region,
which is the evidence of diffusion and relaxation
processes influence. In the dependences Z'—Z", two
semicircles are observed in the entire temperature range
(Fig. 7). The EEC selected for the description of the
Nyquist plots can be separated into two parts: 1) ionic
that includes elements describing the processes
associated with the ionic component of conductivity, and
2) electronic that includes elements describing the
processes associated with the electronic component of
conductivity.

Diffusion relaxation processes at the boundary of
electrode/crystal correspond to low-frequency semi-
circles in the Nyquist plots, which is reflected by the
included capacitance of the double diffusion layer C,
(Fig. 7) with serially included elements R, /Cy, which
are responsible for the resistance and capacitance of the
domain boundaries (the end of the low-frequency
semicircle). The prevailing influence of diffusion and
relaxation ion processes, against the background of
sufficiently low specific values of electronic and ion
components of electrical conductivity, leads to a fuzzy
representation of high-frequency semicircles, which in
turn are described by the processes of electrical
conductivity of domains and represented in EEC by the
serially connected resistance R, (Fig.7) with parallel-
connected capacitance C,.
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Fig. 7. EEC and Nyquist plots for AgePSsl single crystal at
different temperatures. Experimental data correspond to the
filled rings, calculated data — to the blank rings.
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Fig. 8. Temperature dependences of the ionic and electronic
components of electrical conductivity for AgegPSsI single
crystal.

Thus, the ionic conductivity of Ag¢PSsI single
crystal is determined by the sum of the resistance of
domain boundaries R and the resistance responsible for
the electrical conductivity of the domains R;. The nature
of the domains of Ag¢PSsI single crystal may be
associated with the presence of a mosaic texture in the
single crystal. In this case, the domain boundaries
represent a structural heterogeneity, which manifests
itself in the disorientation of texture elements <1° [26].

Parallel to the elements responsible for the ionic
processes, EEC includes elements responsible for the
electronic component of electrical conductivity, namely,
the electronic resistance R, and the electronic resistance of
the domain boundaries R, with the parallelly connected
capacitance Cg,., Which contribute to the representation of
both semicircles in the Nyquist plots. Consequently, the
electronic component of electrical conductivity of AgsPSsI
is determined by the sum of the resistance of the domain
boundaries R, and the resistance R, .

EEC presented in Fig. 7 describes the temperature
behaviour of Ag¢PSsI impedance in the entire
temperature range under study, which is in good
agreement with the description of ionic and electronic
processes according to EEC. This is evidenced by the
sequential degeneration of two semicircles into one
observed at the temperature 373 K due to a significant
decrease in contribution of the domain resistance R, to
the ionic conductivity.

The analysis of impedance spectra made it possible
to investigate the temperature dependence of ionic and
electronic components of electrical conductivity. It has
been ascertained that they, like to the temperature
dependence of the total electrical conductivity (insert to
Fig. 6), have a linear character (Fig. 8) and are described
by the Arrhenius law, which indicates the thermo-
activation nature of conductivity. This allowed us to
determine the activation energies of both ionic and
electronic components of electrical conductivity.

Thus, the ionic conductivity of Ag¢PSsI single
crystal at 298 K is 1.79-107 S/cm, whereas the value of
the electronic component is 1.64-10°S/cm.

3.3. Mechanism of ionic conductivity

Let us consider the mechanism of ion transport in the
investigated Ag¢PSsI compound. Although the Agl (24g)
atom is located in the plane of the triangle S1S2S1,
moving in the structure of Ag¢PSsl is an atom in position
Ag2 (48 h), which is shifted to the S111S2 plane and S2I
edge. This is confirmed by the smaller value of SOF Ag2
(0.239) vs. Agl (0.531), and therefore the mechanism of
ion transport can be considered as ion diffusion through
“channels” Ag2—Ag?2 (Fig. 9).

However, representative is the fact of a sufficiently
low value of the ionic component of electrical
conductivity in comparison with other Ag*-conductive
materials with the argyrodite structure, namely: crystals
Ag;GeS;sI and Ag;SiSsl, for which the ionic conductivity
is 7.97-10°S/cm [27] and 8.13-10°S/cm [28],
respectively. It should be noted that the ion transport for
Ag¢PSsl, based on the crystal structure, should be more
efficient than for the aforementioned materials: SOF Ag2
— 0239 (AgePSsl); 0.273 (Ag;GeSsI) [29]; 0.272
(Ag;SiSsI) [28], at maximum distances (dpax) (Ag2—-Ag2)
2.88 A (AgePSs); 3.09A (Ag,GeSsl); 2.79 A
(Ag;SiSsI). In this regard, let us consider the triangular
pyramid Ag2S1S2 ([AgS;]) (Fig. 10) that is a component
of the doubled tetrahedron [S;I,] (Fig.5), which will
allow estimating the displacement of the atom in position
Ag?2 relatively to the triangular plane S1S2 of the
polyhedron [S31,].

For quantitative analysis of the degree of Ag2 atom
displacement relatively to the triangular plane S1S1S2,
the parameters such as distortion index (D) and effective
coordination number ECoN [22] are used. The distortion
coefficient D is defined as the average value of the
relative deviation of the lengths of bonds Ag—S in the

above pyramid: DZLZM’ where [; is the length
T e

of the individual bond, /,, — average bond length, and n —
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Fig. 9. Illustration of the mechanism of ion transport for
AggPSsI compound on the example of “grid” of mobile cations
migration at position Ag2.

Fig. 10. Triangular pyramid [AgS;] in the structure of Ag¢PSsl.

number of bonds in the polyhedron [22]. The content of
ECoN parameter is defined as the sum of contributions of
each bond to the effective coordination number:

ECoN:Zexpll_(l‘ ) 2 p{l_[li”

sl (1]

where [/, is the minimum length of the bond. The
contribution of each atom depends on the length of the
bond and lies within the range from O to 1. If the distance
between the central atom and the ligand atom increases,
this number approaches to zero [22].

Calculation of the above parameters was carried out
using the program VESTA 3 [22]. According to its results,
it was found that in the compound Ag¢PS;l the values of D
and ECoN for Ag2 atom at the vertex of the triangular
pyramid are 0.023 and 2.93, respectively. This indicates its
almost central location relatively to the S1S1S2 plane and
leads to a very slight displacement to the planes of
triangles and edges [S;I,] of the double tetrahedron. For
comparison, we give the values of D and ECoN for other
aforementioned Ag* conductive materials: Ag;GeSsl
(0.044; 2.66) and Ag;SiSsI (0.041; 2.72), which

ultimately indicates a stronger Ag2 displacement to the
planes of triangles and edges [S;I;] of a double
tetrahedron. On the other hand, it is known that triangular
and linear coordination of cation are considered to be the
most mobile positions in the structure of argyrodite. So,
we can conclude that with other favourable parameters
that allow evaluating the efficiency of ion transport,
namely small values of SOF and d,,., the presence of a
“closed” cation can be a determining limiting factor,
which ultimately leads to strong reduction of ionic
conductivity in this material.

4. Conclusions

The synthesis of quaternary halogenhalcogenide Ag¢PSsl
has been carried out, and the DTA method enabled to
found that the compound has been formed in the course
of a peritectic reaction. Dark red single crystals with the
metallic luster as well as the length of 30—40 mm and
diameter close to 12 mm are grown from the solution—
melt by using the vertical zone crystallization method.
The crystal structure of AggPSsI has been calculated
using the Rietveld method, and the main structural
parameters have been determined. The basic structural
peculiarities of anionic and cationic sublattices on the
example of structure-forming polyhedra have been found
and discussed.

On the single-crystal Ag¢PSsI sample, the total
electrical conductivity has been measured using
impedance spectroscopy within the frequency range from
10Hz up to 300kHz and temperature interval
293-383 K. Based on the frequency dependences of the
total electrical conductivity, Nyquist plots have been
constructed, which were further analyzed using electrode
equivalent circuits. Using this approach, the total
electrical conductivity has been separated into ionic and
electronic components. This allowed us to obtain the
numerical values of the ionic (1.79-10°S/cm) and
electronic  (1.64-10°S/cm) components of electrical
conductivity, determine their ratio and activation energy
of conductivities.

Comparison of the structural data and results of
electrical measurements, in particular the values of ionic
conductivity, has enabled to suggest and explain
peculiarities of the mechanism of ion transport in the
structure of AggPSsl, which can can be considered as ion
diffusion through “channels” Ag2—-Ag2.
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KpucrajgiyHa cTpyKTypa Ta eJeKTPHYHI BaacTUBOCTI MOHOKpHcTana AgqPSsI

LIL Crynensik, A.lL Iloroaiu, M.H. ®ixen, O.I1. Koxan, O.I. Cumkauuyu, M. Timko, P. Kopc¢ansky

AHoTamiss. MeTogoM BepTUKaNbHOI 30HHOI KpHCTaji3alii 3 pPO3YWHY—PO3IJIABY BHPOIIEHO MOHOKPHUCTAIH
TeTpapHOro TajoreHxainpkoreHiny AgePSs;I. KpucramiuHy cTpykTypy BCTaHOBJIEHO 3 BHKOPHCTaHHAM METOIY

PitBenpaa. JlochmipkeHHS €JIEKTPUYHOI IMPOBiIHOCTI

MPOBEJICHO 3 BHUKOPUCTAHHSAM METOJy IMITEJaHCHOI

CreKTpocKomii B wacTotHOMy sianasomi 1-10'=3-10°T ta Temmeparypuomy imrtepBam 293-383 K Ha 3070THX
KOHTaKTaX, HAHECEHUX METOIOM XIMIYHOTO OCapKEeHHS 3 pO3uMHy. 3a JIomoMoroio maiarpam HalikBicta BH3HAa4eHO
iomny (1.79-107°S/cm) Ta enextponny (1.64-10°S/cm) cKkIamoBi eIeKTPHYHOI MPOBIAHOCTI. 3aNPOIOHOBAHO
MeXaHi3M 10HHOI MPOBITHOCTI B CyNEpiOHHOMY NpOBITHUKY AgePSsl, sikuii MokHa po3misgaTé K IUQy3il0 10HIB

Kpi3p «kaHamm» Ag2—Ag2.

KurouoBi cjioBa: apripogurt, CynepiOHHWH MPOBITHUK, MOHOKPHUCTAJ, IMIIEJAaHCHA CIEKTPOCKOIIis, €IeKTpUYHA

MPOBIAHICTH, KPUCTATIYHA CTPYKTYpA.
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