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Abstract

Differential scanning calorimetry (DSC) was used to study ternary Ag,GeS,, Ag,GeSe , Ag,SnS,, and Ag,SnSe, compounds
which undergo polymorphic transformations at relatively low temperatures. Two samples of each compound with different
masses in the range of 20-40 mg were examined and three DSC heating curves were taken for each sample. The DSC curve
data were used to determine the temperatures and enthalpies of the phase transitions of the studied compounds from a
low-temperature rhombic modification to a high-temperature cubic modification. The difference in the DSC data between
all samples and all heating curves did not exceed 2%. The obtained data were used to calculate the entropies of phase
transitions. It was shown that these values are abnormally high. The study also involved a comparative analysis of the
obtained thermodynamic data for the Ag,GeSe, and Ag,SnSe, compounds and the results obtained by the method of
electromotive forces.
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1. Introduction

The argyrodite family compounds with the
general formula A.BVX (where A - Cu, Ag; BV -
Si, Ge, Sn; X - S, Se, Te) have a number of valuable
functional properties and have been studied by
many research teams [1-3]. These compounds are
attracting more and more attention as promising
candidates for thermoelectric materials due to
their excellent transport properties, relatively
low thermal conductivity [4-13]. Moreover,
their components are widely commonand low-
toxic . Many of these compounds undergo phase
transitions at relatively low temperatures (310-
520K). Typically, high-temperature modifications
crystallise in a cubic structure,and low-temperature
phases have lower symmetry. Most of the high-
temperature phases of these compounds, due to
the peculiarities of their crystal structure, have
mixed electron-ion conductivity and demonstrate
high values of cationic conductivity and ionic
diffusion for solids due to the high mobility of
copper (or silver) ions in the “liquid-like” ion
sublattice [14-20]. This makes them promising
materials for ion-selective electrodes and solid
electrolytes when developing various types of
electric batteries, sensors, etc. [14-22].

The purpose of this work was to determine the
thermodynamic functions of phase transitions
of Ag,GeS,, Ag,GeSe,, Ag,SnS , and Ag.SnSe,
compounds by differential scanning calorimetry
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(DSC). This method is considered to be one of
the most advanced and highly sensitive methods
of phase analysis. What is more, modern DSC
devices have a wide range of capabilities that can
be used to determine not only the temperature
and enthalpy of phase transformations, heat
capacity, and its dependence on thermodynamic
parameters, but also the kinetic characteristics of
physicochemical processes under the conditions
of linear temperature change [23].

The nature of melting and the crystalline
structures of the objects of our study have
been examined in detail. The silver-germanium
chalcogenides Ag,GeS, and Ag,GeSe, melt
congruently at 1.228 K and 1.175 K and undergo
polymorphic transformations at 493 K and 321 K,
respectively [24-26]. The Ag.SnS_and Ag,SnSe,
compounds also melt congruently at 1,112 K and
1,015 Kand undergo polymorphic transformations
at 445 K and 356 K, respectively [24, 27]. Low-
temperature modifications (LT) of all studied
compounds have rhombic structures, while their
high-temperature (HT) modifications have cubic
structures [24, 28—32]. More detailed information
on the parameters of the crystal lattice of the
above-mentioned compounds is given in Table 1.

The thermodynamic properties of the studied
compounds have been investigated in a number
of papers [33-37]. In [33-35], the EMF method
with a glassy Ag® conductive electrolyte in the

Table 1. Crystallographic data for the Ag,GeS,, Ag,GeSe,, Ag,SnS , and Ag,SnSe, compounds

Phase Transition

Compound Temperature, K

Crystallographic data

HT rhombic phase; space group: PnaZ2 ;
a=15.149 A; b =7476 A; c=10.589 A [28]

Ag,GeS, 493

HT cubic phase; space group: F-43m;
a=10.70 A [24]

321

HT rhombic phase; space group: Pmn2 ;
a=7823A,b=7712A,c=10.885A[29]

Ag,GeSe,

HT cubic phase; space group: F-43m;
a=10.99 A [24]

HT rhombic phase; space group: Pna2 ;
a=15.2993(9)A; b = 7.5479(4); c = 10.7045(6) [31]

Ag,SnS, 445

HT cubic phase; space group: F-43m;
a=10.85 A [24]

356

HT rhombic phase; space group: Pmn2
a="7.89052(6) A; b="7.78976(6) A; c = 11.02717(8) A [2]

Ag,SnSe,

HT cubic phase; space group: F-43m;
a=11.12 A [24,32]
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temperature range of 400-520 K was used to
study the Ag-Ge-Se and Ag-Sn-Se systems and
to determine the thermodynamic functions of
the formation of high-temperature modifications
of the Ag,GeSe, and Ag,SnSe, compounds.
Later, we studied these systems [36, 37] in a
lower temperature region (390-450 K) by the
EMF method with a solid Ag,RbI, electrolyte.
These EMF data were used to calculate the
standard integral thermodynamic functions of
the formation of both crystalline modifications
of the Ag,GeSe, and Ag,SnSe, compounds.
Thermodynamic functions of their polymorphic
transitions were calculated by combining the
obtained data.

2. Experimental
2.1. Synthesis

The Ag,GeS, Ag,GeSe,, Ag,SnS , and Ag,SnSe,
compounds were synthesised for the study by
direct fusion of elementary components of high
purity in evacuated (~10-% Pa) and sealed quartz
ampoules. High-purity elementary components
manufactured by Evochem Advanced Materials
GmbH (Germany) were used for the synthesis: silver
granules (Ag-00047;99.999 %), germanium pieces
(Ge-00003; 99.999 %), tin granules (Sn-00005;
99.999 %), sulphur pieces (S-00001; 99.999 %), and
selenium granules (Se-00002; 99.999 %). Due to
the high vapour pressure of sulphur and selenium
at the melting temperatures of the synthesised
compounds, the synthesis was carried out in a
dual-zone mode. The temperature regime for the
synthesis of each compound was selected with
due account of their melting points and phase
transformations. The ampoule with the reaction
mixture was heated in an inclined tubular furnace
to the temperature which exceeded by ~50° the
melting point of the synthesised compound (“hot”
zone). A part of the ampoule (~8 cm) was located
outside the furnace and was cooled with water
to control the pressure of sulphur or selenium
vapours and prevent the ampoule from exploding
(“cold” zone). To accelerate the interaction, the
ampoule was rotated around the longitudinal
axis and subjected to vibration. When the bulk of
sulphur or selenium had reacted, the ampoule was
introduced into the furnace completely and held
in the hot zone for 1 hour. Further, the ampoule
was cooled (very slowly in the region of the
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polymorphic transformation temperature), and
then subjected to thermal annealing just below
these temperatures for 10-15 hours. This was
done to ensure a complete transition of the high-
temperature phase to the low-temperature phase
in order to minimise the error in the enthalpy
calculations. High-temperature modifications
for each compound were also obtained by heating
the samples in evacuated and sealed ampoules
to 350 °C. Then they were quenched by plunging
them into ice water.

The synthesised compounds were identified
by X-ray diffraction analysis (XRD). The XRD of
the samples was carried out on a D8 ADVANCE
powder diffractometer from Bruker (Germany)
with CuKo, radiation. The powder diffraction
patterns presented in Fig. 1 show that the
diffraction patterns of compounds which were
cooled slowly after synthesis completely coincide
with the XRD data (red lines in the online version)
of the low-temperature rhombic modifications
from the crystallographic database. The powder
diffraction patterns of the quenched samples had
diffraction patterns that were completely indexed
in the cubic structure. Fig. 2 shows an example
of a diffraction pattern of a quenched Ag,GeS,
sample. Thus, the XRD results of the synthesised
samples confirmed their single-phase nature.

2.2. Experimental

The temperatures and the heat of the phase
transitions of the studied compounds were
determined by the DSC method. The principle
of this method is based on the measurement of
the temperature dependence of the difference
in heat flows in the substance and the reference
material exposed to a temperature programme.
The DSC method determines heat by the heat
flow, a heat derivative with respect to time.
Differential scanning calorimeters have two
measuring cells: one is for the studied sample
while in the other, the reference cell, an empty
crucible is normally placed. The measured value
is the temperature difference between the sample
and the reference cells at any moment of time. As
a good approximation, it can be assumed that the
heat exchange between the various elements of
the measuring system is only carried out by the
mechanism of thermal conductivity. According
to the thermal conductivity equation, the
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Fig. 1. Powder diffraction patterns of low-temperature modifications of the Ag,GeS, (a), Ag,GeSe, (b), Ag,SnS,

(0), and Ag,SnSe, (d) compounds
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Fig. 2. Powder diffraction pattern of the Ag,GeSe, sample, quenched from 350 °C

temperature difference measured at two points
at the same moment of time is proportional to
the value of the heat flow between them. The
differential signal is displayed as a reference line.
Effects, such as phase transitions of the first order,
can be observed in the form of a peak. The area
of the peak is the amount of enthalpy, and the
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direction of the peak indicates the direction of
heat flow, endothermic or exothermic [23].
Three characteristic temperatures can be
used to describe the peak on the DSC curve:
T, e Tpearo @nd T, (Fig. 3). The initial and final

temperatures correspond to the intersection of
the reference line extrapolated to the peak region
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Fig. 3. Characteristics of the peak on the DSC curve

and the tangents drawn through the point of
inflexion. The reference line is a virtual line drawn
through the interval in which a reaction or phase
transition occurs under the assumption that the
heat of the process is zero.

Our experiments were carried out on a DSC400
differential scanning calorimeter manufactured
by Linseis (Germany), which had the following
specifications:

- Temperature range of the platinum furnace:
from room temperature to 1,600 °C.

- Temperature scanning speed: in the range
from 0.01 to 100 °C/min.

- Thermocouples: platinum-platinum-
rhodium.

- Temperature accuracy: 0.01°.

- DSC resolution: 1 mW.

- Calorimetric sensitivity: 17.6 pyW.

- Heat accuracy: *1 %.

The measurements were taken using the
Linseis TA V 2.3.1 software. The calorimeter
had been pre-calibrated. Since our studies were
carried out at low temperatures (300-550 K),
relatively low-melting metals were used as
references for the calibration of our device:
indium, tin, bismuth, and zinc provided by Linseis
for this purpose, with appropriate certificates. The
calibration temperature for each substance was
selected in accordance with the recommendations
given in the manual.

The DSC of the compounds and references
was performed using an aluminium crucible
with a lid. Given that the studied compounds

100
TampersLre fC

110 120 130 140

were solid polycrystalline samples, they were
preliminarily ground to a powdery state prior
to the measurement in order to ensure the
maximum contact area between the studied
sample and the crucible bottom. Due to the fact
that the amount of the sample tested by the
DSC method was very small (about several tens
of mg), a greater weighing error could lead to a
very noticeable relative error in determining the
extensive values. Therefore, to weigh the samples,
we used accurate (first class of accuracy according
to GOST) Radwag electronic analytical balance
(Poland), AS220 series, with a range from 1 mg to
220 g and a measurement accuracy of 0.01/0.1 mg.
The DSC study mode was selected based on the
phase transition temperature of the studied
compound. The heating rate was 3 °/min. The
measurements were carried out in a flow of argon.

3. Results and Discussion

To determine the temperatures and enthalpies
of the phase transitions of the Ag,GeS , Ag,GeSe,,
Ag.SnS , and Ag,SnSe, compounds, we took DSC
heating curves for the samples. Two samples of
each compound with different masses in the range
of 20—-40 mg were selected and three DSC heating
curves were taken for each sample. Thus, 6 DSC
curves were taken for each compound. The DSC
curves were then processed using the Linseis TA
Evaluation V2.3.1 software and the temperatures
of the beginning and the end of the peak and
the enthalpy of the phase transition for 1 mole
of substance were obtained. These values were
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almost identical in the DSC curves for all samples
and the difference did not exceed 2%. According
to [38],in such cases, the error in determining the
thermal effects is not more than *4%.

Below, as an example, we present the study
and calculation procedure for the Ag,SnSe,
compound. We selected two samples of this
compound with masses of 25.56 and 33.72 mg.
Given that the phase transition temperature
for the Ag,SnSe, compound is 356 K [24], the
DSC study was carried out in a dynamic mode of
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heating from room temperature to 400 K. The DSC
heating curve obtained for the Ag.SnSe  sample
with a mass of 25.56 mg is shown in Fig. 4. The
following average values of phase transition
enthalpies were obtained: DHD.t = 19.63 kJ/mol
(25.56 mg); DH = 19.71 kj/mol (33.72 mg).
The average for these values was taken as the
final value of DH , for the Ag,SnSe, compound
(Table 2).

Table 2 also shows the temperatures and
average values for phase transition enthalpies for
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Fig. 4. DSC heating curve of the Ag,SnSe, compounds with a mass of 26.56 mg

Table 2. Thermodynamic data for phase transitions of the Ag,GeS,, Ag,GeSe, Ag,SnS, and Ag,SnSe,

compounds
Phase Transition

Compound Temperature, K AH , KJ/mol AS, . J/(molxK)
Ag,GeS, 495 9.46+0.38 19.110.76
16.95+0.68 52.80%2.11

Ag,GeSe, 321 15.0+4.7 [36] 46.9+14.8 [36]
AgSnS, 446 8.77%0.35 19.66+0.79
19.67+0.6 55.41%2.22

Ag;SnSe, 355 15.4%4.3 [37] 43.4%12.1 [37]
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the rest of the studied compounds. The obtained
values of enthalpies and temperatures (T, ) of

phase transitions were used to calculate entropies
of phase transitions (Table 2) by the formula:

AS ot AHp.t/Tp.t

As shown in Table 2, the entropy values of the
phase transitions of the two sulphide compounds
are very close. Apparently, this is due to the
fact that these values refer to the same type of
change in the crystal structure during the phase
transition (from a rhombic lattice to a cubic
lattice). In other words, the degree of disordering
at the phase transition is approximately the same
for both compounds. A similar pattern was also
observed for selenides. It should be noted that
selenides had much higher values of DS , than
sulphides. This indirectly indicates a greater
disordering of silver ions in the cubic lattice of
selenides as compared to sulphides.

It should be noted that the values of AH_,
for the Ag,GeSe, and Ag,SnSe, compounds [36,
37] obtained by the EMF method differ from the
results of this work by up to 22%, which is within
the error of the data obtained by the EMF method
(Table 2). It is obvious that the calorimetric
data are more accurate, since the EMF method
determines the heat of the phase transition from
the differences in the slopes of the lines of the
direct EMF temperature dependencies for the two
modifications [39, 40].

The analysis of the published data on
thermodynamic functions of phase transitions
of chalcogenides [41] showed that the values of
such functions for our research objects are quite
high compared to the values of thermodynamic
functions of phase transitions of the first kind.
Apparently, this is due to a higher degree of
disordering in their structure during phase
transformation. During the transition to the high-
temperature modification of the argyrodite-type
Ag B"X, compounds, many empty positions are
formed in the rigid anionic framework, which
makes silver cations mobile [14, 24]. This leads
to an additional growth in entropy.

4. Conclusions

We provided new data on the thermodynamic
functions of phase transitions of Ag,GeS,,
Ag,GeSe,, Ag,SnS, and Ag,SnSe, compounds,
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members of the argyrodite family, obtained by
DSC. The abnormally high entropy values for
the phase transitions characteristic of these
compounds can be explained by strong disordering
in the cationic sublattice of high-temperature
cubic modifications, which is accompanied by an
increased mobility of silver ions.
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