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Abstract: Polymorphic transitions in the AgsSiSs and AgsSiSes compounds were studied by differential
scanning calorimetry (DSC). Two samples of each compound with different sample weights in the range from
20 to 50 mg were selected for the studies, for which three DSC heating curves were recorded. Based on the
DSC curves, the temperatures and enthalpies of phase transitions of the studied compounds from the low-
temperature rhombic modification to the high-temperature cubic modification were determined. The data
obtained on all DSC heating curves for each sample did not exceed 2%. The entropies of these transitions
(48p.t.) were calculated from the values of heats and temperatures. It was shown that the values of ASp.t. both
compounds have anomalously high values, which can be explained by the complete delocalization of silver
ions in the cation sublattice during the transition from low-temperature modifications to high-temperature
cubic ion-conducting phases.
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Introduction

The mineral argyrodite (AgsGeSe) and its
analogs with the general formula AsB'YXe
(where A is Li, Cu, Ag; BIV is Si, Ge, Sn; X is S,
Se, Te) attract attention as polyfunctional
materials and are the object of study of many
research groups [1-6]. All these compounds,
despite the diversity of composition, demonstrate
anomalously low lattice thermal conductivity,
almost independent of temperature, which
indicates their glass-like thermal conductivity.
On the other hand, the rigid anionic framework
of the crystal lattice provides electron transport
as in conventional semiconductors. For this
reason, compounds of the argyrodite family are
considered good matrix compounds for the
development of high-performance
thermoelectric materials by separately tuning the
electrical properties and thermal conductivity [7-
13].

Most compounds of the argyrodite family
have phase transitions at relatively low
temperatures. High-temperature phases, as a rule,

crystallize in a cubic structure, and low-
temperature modifications have lower symmetry.
Analysis of the literature shows that most high-
temperature phases of these compounds, due to
the features of the crystal structure, have mixed
electron-ion conductivity and demonstrate high
values of cation conductivity for solids due to the
high mobility of copper (or silver) ions [14-20].
This makes them promising materials for ion-
selective electrodes, solid electrolytes in the
development of various types of electric
batteries, sensors, etc.

The aim of this study was to determine the
thermodynamic functions of phase transitions of
AgsSiSe and AgsSiSes compounds using
differential scanning calorimetry (DSC). This
method is considered to be one of the most
advanced, sensitive and accurate methods for
measuring thermal effects. Previously, in [21-
26], calorimetric studies of phase transitions of a
number of compounds of the argyrodite family
based on copper and silver were carried out and
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the values of their thermodynamic functions
were determined.

The nature of melting and the crystal
structures of the objects of our study have been
studied in detail in a number of works. The
AgsSiSe compound melts congruently at 1232 K
[27], 1213 K [28] or 1225 K [29] and has a phase
transition at 507 K [28] or 510 K [29]. The high-
temperature modification crystallizes in a cubic
lattice (Sp. gr. F-43m; a = 1.063 nm [30]), and
the low-temperature modification has an
orthorhombic lattice (Sp. gr. Pmn21; a = 1.5024
nm, b = 0.7428 nm, ¢ = 1.0533 nm [30] or a =
1.5043 nm, b =0.7452 nm, ¢ = 1.0565 nm [31]).

AgsSiSes melts congruently. Various works
give very different values for the melting point of
this compound. Thus, according to data of [28,
32], it melts at 1203 K. Other works give the
following data: 1258 K [29], 1268 K [33].
According to more recent data [34], this
compound melts at 1278 K and undergoes
polymorphic transformations at 315 and 354 K.

According to the available literature data,
the AgsSiSes compound has at least 3 crystalline
modifications. However, different authors

provide different data on the modifications of this
compound. Taking into account the discrepancies
in the literature data on the melting point and
crystallographic data, a repeated study of this
compound was undertaken in [34]. According to
this  work, the high-temperature (HT)
modification of this compound, like all other
compounds of the argyrodite family, crystallizes
in a face-centered cubic structure (Sp. gr. F-43m;
a = 10891 nm), and the intermediate
modification (IT) has a cubic structure with Sp.
gr. P4232 (a=1.0965 nm) [28]. The IT- AgsSiSes
modification 1is characterized by partial
localization of silver ions [16]. The data on the
structure of the low-temperature modification
(LT- AgsSiSes) are contradictory. According to
[28, 32], LT-AgsSiSes has a tetragonal structure
(Sp. gr. I-4m2; a = 0.7706, b = 1.10141 nm).
However, the authors of [ 12] note that the powder
diffraction pattern of LT- AgsSiSes is poorly
indexed in this structure. According to their
results, the diffraction pattern contains 2 series of
reflection lines, and most of the peaks are
indexed in the rhombic structure (Sp. gr. Pmn2;).

Experimental part

Synthesis. The AgsSiSe and AggSiSes
compounds were synthesized by direct fusion of
high-purity (=99.999%) elemental components
from Evochem Advanced Materials GMBH
(Germany). The synthesis was carried out in
evacuated (~1072 Pa) and sealed quartz ampoules
in a two-zone mode. The synthesis temperature
mode for each compound was selected taking
into account their melting and phase transition
temperatures. The ampoule with the reaction
mixture was heated in an inclined tubular furnace
to a temperature ~50° higher than the melting
point of the synthesized compound (“hot” zone).
To control the vapor pressure of sulfur or
selenium and prevent the ampoule from
exploding, a part of the ampoule (~8 cm) outside
the furnace was cooled with water (“cold” zone).
To accelerate the interaction, the ampoule was
rotated around its longitudinal axis and subjected
to vibration. After the interaction of the main
mass of sulfur or selenium, the ampoule was
completely introduced into the furnace and held
in the hot zone for one hour. Then the ampoule
was cooled (very slowly in the region of the

temperature of the polymorphic transformation),
and then subjected to thermal annealing slightly
below these temperatures for 10-15 hours. This
was done in order to ensure a complete transition
of the high-temperature phase to the low-
temperature one, in order to minimize the error in
calculating the enthalpy.

The synthesized compounds  were
identified by X-ray Diffraction technique (XRD).
XRD of the samples was carried out on a D8
ADVANCE powder diffractometer from Bruker
(Germany) with CuKou radiation. The XRD
results confirmed the single-phase nature of the
synthesized compounds and showed that the
diffraction patterns of the samples slowly cooled
after synthesis completely coincide with the X-

ray data of low-temperature rhombic
modifications [12, 30, 31].
Experimental procedure. The

temperatures and heats of phase transitions of the
studied compounds were determined by the DSC
method on a differential scanning calorimeter
DSC400 from Linseis (Germany). As is known,
in the DSC method, the enthalpy of phase
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transition is determined through the heat flow -
the derivative of heat with respect to time [35,
36].

The measurements were carried out using
the Linseis TA V 2.3.1 program. The calorimeter
was preliminarily calibrated. Our studies were
carried out at low temperatures, therefore,
relatively low-melting metals were used as
standards for calorimeter calibration: indium, tin,
bismuth and zinc, provided by Linseis for this
purpose with the appropriate certificates. The
temperature mode of calibration of each of the
substances was selected in accordance with the
recommendations given in the manual for the use
of the calorimeter.

DSC of the compounds and standards was
performed using an aluminum crucible with a lid.

Before the measurement, solid polycrystalline
samples of the compounds under study were
preliminarily ground to a powder state in order to
ensure the maximum possible contact area
between the sample and the crucible bottom. The
samples were weighed using precise (1st
accuracy class according to GOST) electronic
analytical scales from Radwag (Poland) of the
AS220 series with a range from 1 mg to 220 g
and a measurement accuracy of 0.01/0.1 mg. The
dynamic temperature heating mode during DSC
was selected taking into account the phase
transition temperature of the compound under
study. The heating rate was 3 °/min. The
measurements were performed in an argon flow.
The DSC study technique is described in more
detail in [21, 23].

Results and discussion

We recorded the DSC heating curves for
the compounds AgsSiSe and AgsSiSes. For each
compound, two samples with masses varying
from 20 to 50 mg were selected, for which three
DSC heating curves were recorded. As a result,
six DSC curves were recorded for each
compound, which were processed using the
Linseis TA Evaluation V2.3.1 software. As a
result, the values of the phase transition enthalpy
for 1 mole of the substance, as well as the
temperatures of the beginning and end of the
peak were obtained. These values for each
sample almost coincided on all six DSC curves
and differed by no more than 2%. According to
[35, 36], in such cases the error in determining
the thermal effects does not exceed +4%.

Let us consider the DSC study and the
calculation process of the thermodynamic
functions of the phase transition for the AgsSiSe
compound. We selected two weighed portions of
this compound with masses of 28.93 and 44.51
mg. Taking into account the phase transition
temperature of the AgsSiSe compound [28, 29],
the DSC study was carried out in the dynamic
heating mode from room temperature to 535 K.
The DSC heating curve for the AgsSiSe sample
with a mass 0f 44.51 mg is shown in Fig. 1. From
these six DSC curves, the following average
values of the phase transition enthalpies were
obtained: AHp.t. = 6.49 kJ/mol (28.93 mg) and
AHp.t. = 6.47 kJ/mol (44.51 mg).

Heat flow (mW)

238.5 °C (70 min)
t: 244.7 °C (72 min)

n;
-15.777 mW at 241.8 °C (72 min;
-6.48 kl/mol

AgsSiSe
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Fig. 1. DSC heating curve of the AgsSiSe compound with a sample weight of 44.51 mg
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The average value of these quantities was taken as the final value of AHp.t. for the AgsSiSe
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Fig. 2. DSC heating curve of the AgsSiSes compound with a sample weight of 36.68 mg

Table. Thermodynamic data of phase transitions of AgsSiSe and AgsSiSes compounds

Compound Phase transition AH, ., ASp.t...
P temperature, K KkJ/mole J/(mole-K)
AgsSiSe 512 6.48+0.26 12.66+0.51
316 2.34+0.09 7.41+0.30
AgsSiSes
354 10.91+0.44 | 30.82+1.23

In a similar manner, the temperatures and
average enthalpy values were determined for two
phase transitions of the Ag8SiSe6 compound
(Fig. 2, Table). Using the obtained values of

enthalpies and temperatures (Tonset) of the
phase transitions, the entropies of the phase
transitions were calculated (table) using the
formula:

AS pt.= AHp.t./Tp.t.

It is evident from the table that the entropy
value of the phase transition of the AgsSiSes
compound at 316 K is significantly lower
compared to the transition at 354 K. Apparently,
this is due to the fact that during the transition
from the low-temperature modification to the
medium-temperature one, only some of the silver
ions acquire mobility [16]. During the transition
from the medium-temperature phase to the high-
temperature cubic one, complete delocalization
of silver ions is observed, which is accompanied
by a high value of the phase transition entropy.
On the other hand, the entropy value of the phase
transition of selenide (AgsSiSes) at 354 K is
significantly higher compared to sulfide
(AgsSiSe). This regularity was also observed for
other argyrodite compounds based on silver [21].

This is probably due to the fact that silver ions in
the cubic lattice of selenides are more disordered
compared to sulfides.

A comparison of the table and the results of
our previous works [21-26] with the literature
data on the thermodynamic functions of phase
transitions of a number of chalcogenides of other
types [37] show that the values of such functions
for our objects of study are quite high compared
to the values of the thermodynamic functions of
first-order phase transitions. Obviously, this is a
consequence of the fact that during the
polymorphic transformation of argyrodite
compounds, more significant structural changes
occur, accompanied by delocalization of silver
cations.
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Conclusion

We have presented new data on the
thermodynamic functions of phase transitions of
AgsSiSe and AgsSiSes compounds obtained by
the DSC method. It is shown that the entropies of
phase transitions of both compounds have
anomalously high values, which can be explained

by strong disordering in the cation sublattice
during the transition from low-temperature
modifications to high-temperature cubic ion-
conducting phases, which is accompanied by
complete delocalization of silver ions.
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