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Phase Relations in the AgsSiSs - AgsSiSes System and
Characterization of Solid Solutions

Albina Poladova!* ", Aynura Yagubova?

Abstract. Argyrodite-type compounds and the phases derived from them represent environmentally
benign and valuable functional materials exhibiting a wide range of properties, including
thermoelectric, photoelectric, and optical characteristics. In addition, these materials demonstrate
ionic conductivity through Cu*and Ag*ions, which makes them promising candidates for application
as electrode or electrolyte materials in ion-selective electrodes, various types of batteries, displays,
and sensors. In this work, the phase equilibria of the AgsSiSe—AgsSiSes system were investigated using
differential thermal analysis and X-ray diffraction methods, and the corresponding T-x phase
diagram was constructed. The system was found to be quasi-binary and is characterized by the
formation of an extended region of solid solutions between the HT-Ag8SiS6 and HT-Ag8SiSe6
compounds. The polymorphic transition temperature of Ag8SiS6 decreases with increasing formation
of solid solutions. It was determined that at room temperature the homogeneity region of the d-phase
extends within the composition range of 70—90 mol% Ag8SiSe6. Furthermore, the lattice parameters
of the obtained solid solutions were calculated from X-ray diffraction data, revealing a linear
dependence on composition.
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Introduction

Binary and more complex chalcogenides formed by copper and silver with p-block elements are at
the center of researchers’ attention due to their thermoelectric, optical, photoelectric, and other
functional properties (Khan, 2023; Puthran, 2024; Li, 2024; Portniagin, 2025). One of the important
classes of these multicomponent materials is the argyrodite family compounds with the general
formula A'sB'VXs (A!-Cu, Ag; B'V-Si, Ge, Sn; X-S, Se, Te) (Wang, 2024; Parashchuk, 2025; Ghata,
2025). A distinctive feature of argyrodite-type compounds is the occurrence of polymorphic phase
transitions at comparatively low temperatures (< 530 K). The low-temperature forms crystallize in
ordered crystal structures with reduced symmetry, while the high-temperature modifications typically
possess a cubic lattice structure (Kuhs, 1979; Bindi, 2018; Babanly, 2024).

These compounds are characterized by a rigid anion framework constructed from tetrahedrally
coordinated [SiX4] units (X = S, Se) and a highly disordered sublattice of mobile Ag* cations. Such a
unique crystal structure results in high ionic conductivity as well as favorable optical, thermoelectric,
and other physical properties.
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Due to the structural features of their high-temperature phases, argyrodite compounds exhibit
superionic conductivity, where copper and silver ions demonstrate high mobility, leading to large
values of cationic conductivity and ionic diffusion in the solid state (Shen, 2023; Studenyak, 2020;
Kang, 2026; Ren, 2023). These properties make such materials promising for applications as solid
electrolytes, ion-selective electrodes, thermoelectric energy conversion materials, and components of
photoelectric and optoelectronic devices (Lin, 2024; Wei, 2024; Dallas, 2025; Bustamante, 2025; L.,
2020). Due to these properties, argyrodit-based systems have been extensively studied by various
research groups. In previous studies (Bayramova, 2022; Amiraslanova, 2023; Bayramova, 2023;
Poladova, 2025; Huseynova, 2025; Ismayilova, 2025), phase equilibria and phase transitions in
systems composed of argyrodite-type compounds were experimentally investigated. These studies
revealed that such systems are typically characterized by the formation of wide or even unlimited
substitutional solid solutions.

The objective of the present work was to examine the phase equilibria in the AgsSiSs—AgsSiSes
system in order to obtain new variable-composition phases based on silicon-containing argyrodites.
The initial compounds forming this system have been previously studied in considerable detail.

The compound AgsSiSe melts congruently at 1213 K (Gorochov, 1968), 1223 K (Boivin, 1967), 1232
K (Cambi, 1961), and 1243 K (Venkatraman, 1995), while its polymorphic transition temperature is
reported as 507 K (Gorochov, 1968; Boivin, 1967) and 510 K (Venkatraman, 1995). The low-
temperature modification of AgsSiSe crystallizes in the orthorhombic system with the following
lattice parameters: space group Pna2i, a = 1.5024, b = 0.7428, ¢ = 1.0533 nm (Krebs, 1977); a =
1.5043, b = 0.7452, ¢ = 1.0565 nm (Kuhs, 1979). The high-temperature modification has a cubic
structure: space group F43m, a = 1.063 nm (Gorochov, 1968).

The compound AgsSiSes melts congruently at 1258 K (Venkatraman, 1995), 1278 K (Amiraslanova,
2023), 1203 K (Gorochov, 1968; Hofmann, 1988), 1268 K (Piskach, 2006), and its polymorphic
transition temperature is reported as 315 K (Amiraslanova, 2023) and 354 K (Amiraslanova, 2023).
Three modifications have been reported for this compound (Liang, 2020; Gorochov, 1968; Hofmann,
1988; Heep, 2017). The high-temperature modification crystallizes in a face-centered cubic lattice
(space group F43m, a = 1.097 nm (Gorochov, 1968; Hofmann, 1988), a = 1.09413(1) nm (Heep,
2017). The intermediate modification has a simple cubic structure (space group P23 (Heep, 2017) or
P4.32,a=1.087 nm (Gorochov, 1968). The low-temperature modification crystallizes in a tetragonal
structure (space group 14m2, a = 0.7706, ¢ = 1.10141 nm (Gorochov, 1968; Hofmann, 1988).
However, Jiang and co-authors (Jiang, 2020) reported that the powder X-ray diffraction pattern of
LT-AgsSiSes cannot be satisfactorily indexed using this structural model. The authors identified the
presence of two different sets of reflections in the diffractogram and showed that most of the peaks
can be indexed in the orthorhombic system with space group Pmn2.. In addition, weak-intensity peaks
observed in the angular regions of 33.5°, 34.7°, and 37.0° were attributed to the orthorhombic RT-
Ag>Se phase (Jiang, 2020).

Materials and Methods

The initial compounds were synthesized by melting high-purity elements (at least 99.999 wt.% purity)
Ag, Si, S, and Se in evacuated quartz ampoules. To prevent the reaction of silicon with the quartz
ampoule, the inner surface of the ampoule was carbon-coated (graphitized) at the beginning of the
process.

Due to the high vapor pressure of sulfur and selenium, the synthesis was performed in a two-zone
regime in an inclined furnace. The temperature of the lower “hot zone” was set 50 K above the melting
point of the compound, namely 1280 K for AgsSiSes and 1300 K for AgsSiSes. The upper “cold zone”
was heated to a temperature 50-100 K below the boiling point of the appropriate chalcogen. In the
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cold zone, sulfur and selenium vapors condensed and returned to the reaction zone. After the main
portion of the chalcogen had reacted, the ampoule was completely placed inside the furnace, kept for
2-3 hours, and then cooled to room temperature in the switched-off furnace.

The purity of the synthesized compounds was confirmed by differential thermal analysis (DTA) and
X-ray diffraction (XRD). The obtained analytical results for both compounds were found to be in
good agreement with previously reported literature data.

Alloys of the AgsSiSe—AgsSiSes system were synthesized by melting appropriate stoichiometric
amounts of the pre-synthesized and well-characterized starting compounds. To achieve equilibrium,
the samples were annealed at 800 K for an extended period (500 hours). Two series of samples for
each composition were synthesized. The first series was furnace-cooled after thermal treatment (the
furnace was switched off and the samples were allowed to cool gradually), whereas the second series
was water-quenched from 800 K by rapidly immersing the ampoule in cold water. The synthesized
samples were investigated using DTA and XRD methods.

Differential thermal analysis was performed using a NETZSCH 404 F1 Pegasus instrument and a
multi-channel DTA device based on a “TC-08 Thermocouple Data Logger” with a temperature
measurement accuracy of £2 K. The experimental data were processed using NETZSCH Proteus
software. X-ray phase analysis was performed at room temperature in the 26 range of 5-75° using
CuKo radiation on a Bruker D2 PHASER diffractometer. The obtained diffraction patterns were
analyzed with TOPAS V3.0 software, and the lattice parameters were subsequently determined.

Results and Discussion

Both series of alloys in the AgsSiSe—AgsSiSes system were examined using differential thermal DTA
and XRD techniques. The experimental results showed that complete mutual solubility exists between
the high-temperature phases of'the initial compounds in the A gsSiSs—A gsSiSes system. Based on their
low-temperature modifications, wide solid solutions are formed. The resulting powder diffraction
patterns are shown in Figure 1. It was established that the diffraction patterns of samples within the
composition range of 7090 mol% AgsSiSes correspond to a cubic system and qualitatively differ
from those of the initial compounds. Samples containing 10-60 mol% AgsSiSes exhibit diffraction
patterns identical to those of pure orthorhombic AgsSiSs.

eeeee

Figure 1
Powder X-ray diffraction patterns of selected alloys in the AgsSiSs—AgsSiSes system slowly cooled
after annealing

Thus, the results of the presented powderdiffraction patterns indicate that, at room temperature, alloys
containing 70-90 mol % AgsSiSes form cubic-structured phases (3-phase). The solubility in the RT-
AgsSiSe-based phase exceeds 60 mol%, while the solubility in the RT-AgsSiSes-based phase is below
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10 mol%. In Table 1, the powder diffraction patterns of the initial compounds of the AgsSiSe—
AgsSiSes system and of both series of alloys were indexed using the TOPAS V3.0 software and the
lattice parameters were calculated. Figure 2 shows the concentration dependence of the cubic lattice
parameter. As can be seen, the lattice parameter of both quenched and slowly cooled samples is a
linear function of composition and follows Vegard’s law. It should be noted that the lattice parameter
values of the samples annealed at 800 K are slightly higher than those of the cubic phases measured
at room temperature, which can be explained by the thermal expansion of the lattice upon heating.

Table 1
Crystallographic parameters of phases in the AgsSiSe-AgsSiSes System

Composition, mol% Syngony, Sp.Gr., lattice parameters, nm
AgsSiSes Slowly cooled alloys Quenched from 800 K alloys
Orthorhombic, (Pna21): . —
0 (AgsSiSs) A =1.5032(3), b = 0.7430(2), %uﬁli’ égﬁsg(r;))'
c =1.0538(3) o
10 -"- a=1.5146(4); b=0.749(3);
c =1.0627(3)
-"-, a=1.5146(4); b = 0.749(3); oo
20 ¢ = 1.0627(3) , a=1.0824(4)
-"-, a=1.5146(4); b = 0.749(3); oA
30 ¢ = 1.0627(3) , a=1.0915(4)
50 -"-,a=1.5146(4); b =0.749(3);
c =1.0627(3)
-"-, a=1.5146(4); b=0.749(3); .o
60 ¢ = 1.0627(3) - a=1.1167(4)
70 Cubic, (F43m): a =1.077(3)
80 -"-,a=1.081(4) -"-,a=1.1344(3)
90 -"-, a=1.085 (4)
100 (AgsSiSes) Cubic, P4232, a=1.0891(3) -"-, a = 1.0965(3)

On the basis of the DTA data (Table 2), the phase diagram of the system was constructed (Figure 4).
As shown, the system exhibits quasi-binary behavior and is characterized by the formation of an
extended region of solid solutions (3-phase) between HT-AgsSiSe and HT AgsSiSes. The temperatures
along the liquidus and solidus lines vary monotonically between the melting points of the starting
compounds.

a, nm X
® - quenched from 900 K

1.1k ® -slowly cooled

1,05

\ | | |
Ag,SiS, 20 40 60 80  AgSiSe,

Figure 2
Dependence of the cubic lattice parameter of the AgsSiSs—AgsSiSes system on composition
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The DTA results show that the polymorphic phase transition characteristic of AgsSiSes at 513 K shifts
toward lower temperatures with AgsSiSes content. In alloys containing > 60 mol % AgsSiSes, no
thermal effects are observed on the DTA curves, indicating that the transition occurs below room
temperature.

Table 2
The DTA results for the alloys of the AgsSiSe-AgsSiSes system

Composition, mol% AgsSiSes Thermal effects, K

0 (AgsSiSe) 513; 1225
10 495: 1238
20 467-482: 1232—-1238
40 428-443; 1240-1253
50 400-424; 1245-1260
60 360-389; 12491262
80 1262-1271
90 1270
100 (AgsSiSes) 315; 354; 1278
T yle
i
1300 —
1278
1250 - s
1225 ¢
1200
500
400
) & e Y:+6YX/'354
300 |- \\ \\ v;ﬂ;’\/f'm
| ! (o LYoy
AgSiS, 20 40 60 80 AgSiSc,
mol %
Figure 3
Phase diagram of the AgsSiSe-AgsSiSes system
Conclusion

This work presents new data on the phase equilibria in the AgsSiSs—AgsSiSes system obtained by
differential thermal analysis (DTA) and X-ray diffraction (XRD). Based on the experimental results,
the T-x phase diagram of the system was constructed. The system exhibits quasi-binary behavior and
forms a continuous series of substitutional solid solutions between the high-temperature
modifications of AgsSiSs and AgsSiSes. The formation of these solid solutions results in a decrease
in the polymorphic transition temperature of AgsSiSs. As a consequence, the ion-conducting cubic
phase becomes stabilized at room temperature and even below within the composition range of 70—
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90 mol% AgsSiSes. The lattice parameters of the obtained solid solutions were calculated from
powder X-ray diffraction data, and their compositional dependence was found to follow Vegard’s
law. The newly synthesized solid solutions are promising environmentally friendly materials that
exhibit thermoelectric properties along with mixed ionic—electronic conductivity.
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