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Abstract: Compounds of the argyrodite family and phases based on them are of considerable interest as 
environmentally friendly multifunctional materials exhibiting thermoelectric, photovoltaic, and optical 
properties, as well as high ionic conductivity. In this work, the thermodynamic properties of the Ag7GeSe5I 
compound and the solid solutions Ag8-xGeSe6-xIx were studied for the first time using the electromotive force 
(EMF) method with a solid Ag⁺-conducting electrolyte Ag4RbI5. Based on EMF measurements of the 
concentration cells of the 

(-)Ag(s) | Ag4RbI5(s) | (Ag–in alloy) (+)       
type in the 300–390 K temperature range, linear equations describing the temperature dependences of the 
EMF were obtained. Using these equations, the relative partial thermodynamic functions of silver in the alloys 
were calculated. Based on the solid-phase equilibria diagram of the Ag₂Se–AgI–GeSe₂ system and several 
boundary systems, a fragment of the phase diagram of the quaternary Ag–Ge–Se–I system was constructed. 
Using this diagram, the equations of the potential-forming reactions responsible for the above-mentioned 
partial molar functions were derived, and the standard thermodynamic functions of formation and the standard 
entropies of the compound Ag7GeSe5I and the solid solutions Ag8-xGeSe6-xIx  (х=0.2, 0.4, 0.6, and 0.8) were 
calculated.   
Keywords: argyrodites, silver germanium selenoiodide, phase diagram, thermodynamic functions, superionic 
conductor Ag4RbI5    
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1. Introduction 
 

Copper- and silver-based chalcogenides, 
classified as environmentally friendly materials, 
exhibit a wide range of functional properties, 
which underlie their extensive use in energy-
related applications, including photovoltaics, 
thermoelectric devices, and batteries [1–9], as 
well as in medical technologies [10–12], etc.  

Among the compounds mentioned, 
argyrodites with the general formula 





 хx

nm
mn YXВA 2

6/)12(  (Am+ -Cu+, Ag+, Li+, Zn2+, 

Cd2+, Hg2+; Вn+ - Ga3+, Si4+, Ge4+, Sn4+, P5+, As5+; 
X2- - S2-, Se2-, Te2-; Y -Cl, Br,  I) occupy an 
important place [13–20]. Numerous studies, 
initiated as early as the 1960s, have demonstrated 
that, in addition to the aforementioned functional 
properties [15–18, 21–26], these compounds also 

exhibit superionic conductivity, enabling their 
use as ion-selective electrodes, solid electrolytes, 
and related applications [27–33]. Modifications 
of their composition and structure can enhance 
these functional properties. In particular, 
according to [15, 18, 28], copper- and silver-
based argyrodites possess low lattice thermal 
conductivity and high ionic conductivity. 
Independent tuning of these two parameters 
opens up new opportunities for the development 
of highly efficient thermoelectric materials. 

Information about the phase equilibria and 
thermodynamic characteristics of the related 
systems is necessary for the search and 
development of optimal technological conditions 
for the synthesis of new multi-component 
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materials with desired compositions and 
properties [15–17, 34–36]. As is known, a phase 
diagram represents the thermodynamically 
equilibrium state of a physicochemical system 
and allows for the determination of the nature of 
compounds formed, their thermal stability, 
regions of primary crystallization and 
homogeneity, polymorphic transitions, and so 
forth [15]. 

Systems based on ternary copper and silver 
argyrodites have been investigated in a number 
of studies, their phase diagrams have been 
constructed, solid solutions of various 
substitution types have been identified, and their 
crystallization processes and thermodynamic 
properties have been examined. [15–17, 37–46]. 
However, systems based on halide-containing 
argyrodites remain largely unexplored.  

Considering the above, in our previous 
works [47–49], we investigated the phase 
equilibria in the Ag2Se-AgI-GeSe2 quasi-ternary 
system. A solid-phase equilibria diagram, a 
liquidus surface projection and several 
polythermal sections of the phase diagram were 
presented. The formation of continuous solid 
solutions with a cubic structure along the 
Ag8GeSe6-Ag7GeSe5I section was demonstrated 
[47]. 

The present work is devoted to the 
thermodynamic investigation of the compound 

Ag7GeSe5I and the solid solutions Ag8-xGeSe6-xIx 
by means of electromotive force (EMF) 
measurements using the solid electrolyte 
Ag4RbI5. 

The EMF method, being one of the precise 
equilibrium methods in chemical 
thermodynamics, allows the combined 
investigation of phase equilibria and 
thermodynamic properties of metallic and 
semiconductor systems [50, 51]. The value of 
thermodynamic data obtained by the EMF 
method lies in the fact that, in addition to internal 
consistency within a given phase, they are also 
consistent with the phase diagram. Various 
modifications of this method have been 
successfully employed in complex studies of 
multicomponent chalcogenide systems [15–17, 
52–59]. 

The presence of superionic conductors 
with purely Ag⁺ cationic conductivity opens 
broad opportunities for thermodynamic 
investigations of complex silver-containing 
chalcogenides using the EMF method with a 
solid electrolyte. A number of studies have 
reported the results of such investigations for 
complex silver chalcogenides [15, 60–69], 
including compounds of the argyrodite family 
and phases based on them [15, 38, 44, 46, 63–
66]. 

 
2. Experimental part 

 
For the thermodynamic measurements, 

concentration cells of the following type were  
constructed: 

 
(-)Ag(s) | Ag4RbI5(s) | (Ag–in alloy) (+)      (1) 

 
The superionic conductor Ag4RbI5 melts at 

505 K via a peritectic reaction. Below its melting 
temperature, Ag4RbI5 exhibits high and nearly 
pure Ag⁺ ionic conductivity down to room 
temperature, which allows its use as a solid 
electrolyte in thermodynamic studies of silver-
based phases over a wide temperature range [50, 
69]. 

The Ag4RbI5 compound was synthesized 
from RbI (Alfa Aesar, 99.8%) and AgI (Alfa 
Aesar, 99.999%) using the following method [50, 
51]: first, stoichiometric amounts of the iodides, 
calculated to yield 20 g of the solid electrolyte, 
were heated in a vacuum-sealed (~10–2 Pa) quartz 

ampoule up to 600 K. The resulting melt was 
then cooled to 400 K and annealed at this 
temperature for 200 h, ensuring complete 
homogenization of Ag4RbI5. Cylindrical ingots 
(~7 mm in diameter) obtained in this manner 
were cut into discs 4–5 mm thick and polished on 
a rotating polishing wheel. These prepared discs 
were used as the solid electrolyte in 
concentration cells of the type (1). 

In thermodynamic studies of phases in 
multicomponent heterogeneous systems using 
the EMF method, it is crucial to have reliable data 
on phase equilibria within the relevant system 
over the temperature range of the EMF 
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measurements. Such data are essential both for 
the correct and rational planning of the 
experiments and for selecting the compositions 
of electrode alloys, as well as for processing 
EMF measurement data and performing accurate 
thermodynamic calculations based on them [50, 
51]. 

The solid-phase equilibria diagram of the 
Ag2Se-AgI-GeSe2 system at room temperature is 
presented in Fig 1. The following phase notations 
are used in the diagram: α′ – the phase based on 
RT-Ag2Se; δ – the solid solutions Ag8-xGeSe6-xIx, 
RT-GeSe2, and RT-AgI – the low-temperature 
modifications of the corresponding compounds. 

 

 
 

Fig. 1. Diagram of solid-phase equilibria of the Ag2Se-GeSe2-AgI system at 300 K  
 
Considering that elemental silver is used as 

the reference electrode in cells of type (1), for 
thermodynamic studies of Ag8-xGeSe6-xIx solid 
solutions, it is advisable to use alloys from the 
two-phase region Ag8-xGeSe6-xIx+GeSe2 as right-
hand electrodes. For the stoichiometric 
compound Ag₇GeSe₅I, alloys from the three-
phase region Ag7GeSe5I+AgI+GeSe2 are 
recommended [50, 51]. 

The compounds GeSe2, Ag8GeSe6 and 
Ag7GeSe5I were synthesized for subsequent 
preparation of electrode alloys by co-melting 
mixtures of high-purity elements (Ag rod, 
99.997%; Ge ingot, 99.999%; Se granules, 
99.999%; I₂ powder, 99.999%) taken in 
stoichiometric proportions in sealed quartz 
ampoules under vacuum (10⁻² Pa), as described 
in [47–49]. Considering the high saturated vapor 
pressures of iodine (Tb = 457 K) and selenium (Tb 
= 958 K [70]) at the melting temperatures, the 
syntheses were performed in a two-zone inclined 
furnace.  

The phase purity of all synthesized starting 
compounds was verified by X-ray diffraction 
analysis (XRD) and differential thermal analysis 
(DTA), and the results were in agreement with 
the data [47–49]. 

Intermediate alloys from two- and three-
phase regions were then obtained by melting the 

starting compounds in various ratios in sealed 
quartz ampoules. These alloys were subjected to 
stepwise thermal annealing at 800 K for 500 h 
and at 400 K for 100 h, followed by cooling in a 
switched-off furnace. 

The phase compositions of the obtained 
alloys were confirmed by XRD. Fig. 2, as an 
example, presents powder diffractograms for two 
alloys with nominal compositions of 40 mol% 
Ag7GeSe5I+40 mol% Ag8GeSe6+ 20 mol% 
GeSe2 (sample 1) and 60 mol % Ag7GeSe5I+20 
mol % GeSe2+20 mol % AgI (sample 2). As seen, 
sample 1 is two-phase, its diffraction pattern 
consisting of reflections from the δ-phase (solid 
solutions in the Ag8GeSe6 - Ag7GeSe5I system) 
and RT-GeSe2. In contrast, the diffractogram of 
sample 2 exhibits peaks corresponding to RT-
GeSe2, RT-AgI, and Ag7GeSe5I, indicating its 
three-phase nature. 

The annealed alloys were ground into fine 
powders and pressed into discs 7 mm in diameter 
and 3-4 mm thick under a pressure of ~0.1 GPa. 

For EMF measurements, an 
electrochemical cell of the design described in 
[56] was assembled, evacuated, filled with argon 
to a pressure of ~40 kPa, and placed in a specially 
fabricated tubular resistance furnace, where it 
was thermostatted at ~360 K for three days. The 
cell temperature was monitored using chromel–
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alumel thermocouples and a mercury 
thermometer with an accuracy of ±0.5 °C. 

A high-impedance digital voltmeter,  

Keithley 2100 6½ digit, with an input resistance 
of 109 Ω was used for the EMF measurements. 

 
 

 
Fig. 2. Powder diffraction patterns of samples 1 and 2, shown in Fig. 1 

 
Measurements were carried out in the 

temperature range of 300–390 K, within which 
the phase compositions of the electrode alloys are 
constant according to the phase diagram. EMF 
values were recorded every 3 hours after the set 
temperature was established. EMF values were 
considered to be at equilibrium if repeated 
measurements at a given temperature differed by 
no more than 0.5 mV, regardless of the direction 
of the temperature change. To monitor 
reproducibility, each sample was measured 2–4 

times during the experiment at two constant 
temperatures. To eliminate the occurrence of 
thermoelectric EMF, the contacts of the current 
leads with the copper wires were maintained at 
the same temperature. 

The reproducibility of the results obtained, 
as well as the constancy of the mass and phase 
composition of the electrodes during the 
experiment, confirms the reversibility of the 
constructed concentration cells.  

 
3. Results and Discussion 

 
Analysis of the EMF measurements of cells 

of type (1) showed that, in the studied 
temperature range, the EMF isotherms are 
monotonic functions of composition, confirming 
the formation of a continuous series of solid 
solutions (δ-phase) along the Ag8GeSe6-

Ag7GeSe5I section. Furthermore, the temperature 
dependence for each electrode alloy is linear 
(Fig. 3). Accordingly, the EMF data were 
processed using the least-squares method under 
the assumption of a linear temperature 
dependence, yielding equations of the type (2) 

  
  2/122

b
2
E )TT(S)n/S(tbTaE                                                  (2) 

 
recommended in contemporary thermodynamic 
literature [50, 51]. In equation (2), n - is the 
number of E and T data pairs; SE and Sb–  are the 
variances of individual EMF measurements and 

the slope coefficient b, respectively; T- is the 

mean absolute temperature; and t- is the 
Student’s t-statistic. At a 95 % confidence level 
and with n20 experimental points, the Student’s  
value t2. 
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Fig. 3. Temperature dependences of the EMF for alloys from the Ag7GeSe5I+AgI+GeSe2 region. 

Numbers 1–5 indicate the phase regions in Tables 1 and 2. 
 
The resulting equations of type (2) are presented in Table 1. 
 

Table 1. Temperature dependences of EMF for concentration cells of type (1) for Ag8GeSe6-
Ag7GeSe5I alloys in the temperature range 300–390 K 

№ Phase area  )(2, TSbTamVE E  

1 Ag7GeSe5I 2/1
25 )7.346T(105.9

30

1.2
2T1721.034.253 



    

2 Ag7,2GeSe5,2I0,8 2/1
24 )7.346T(100.1

30

3.2
2T1659.050.245 



    

3 Ag7,4GeSe5,4I0,6 2/1
25 )7.346T(109.9

30

2.2
2T1620.064.238 



  

 
4 Ag7,6GeSe5,6I0,4 2/1

24 )2.345T(101.1
30

0.2
2T1605.005.238 



    

5 Ag7,8GeSe5,8I0,2 2/1
24 )2.345T(101.1

30

3.2
2T1574.040.224 



    

From the resulting equations (Table 1), using the known relationships [50] 
 

zFEGAg                                            (3) 

zFa
T

E
TEzH

P

Ag 

















           (4) 

zFb
T

E
zFS

P
Ag 










                           (5) 

 
the relative partial thermodynamic functions of silver in the alloys were calculated (Table 2, Fig.4). 

 
Table 2. Relative partial thermodynamic functions of silver in the Ag8GeSe6-Ag7GeSe5I alloys at 

300 K. 

Phase area 
AgG  AgH  AgS  

Jmol-1K-1 kJmol-1 

Ag7GeSe5I + Ag8GeSe6 29.40±0.05 24.44±0.33 16.61±0.94 

Ag7,2GeSe5,2I0,8 28.46±0.05 23.69±0.34 16.00±0.98 
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According to Fig. 4, the isotherms at 300 K 

of all three partial molar quantities of silver are 
continuous functions of composition and vary 

monotonically between the corresponding values 
for the high-temperature modifications of the 
initial ternary compounds. 

 

 
Fig. 4. Dependence of partial thermodynamic functions on the composition of alloys Ag8GeSe6-

Ag7GeSe5I alloys at 300 K. 
 

 
Fig. 5. Fragment of the solid-phase equilibria diagram of the Ag–Ge–Se–I system 

 
To determine the potential-forming 

reactions responsible for the indicated partial 
molar quantities and to calculate the integral 
thermodynamic functions of the investigated 
phases of various compositions, we constructed a 
fragment of the solid-phase equilibria diagram of 
the Ag–Ge–Se–I system (Fig. 5) using Fig. 1 and 
literature data for the boundary systems [15, 71]. 
As seen in the figure, the radial line (red lines) 

originating from the Ag corner of the 
compositional tetrahedron and passing through 
the stoichiometric composition Ag₈GeSe₆ (point 
1) reaches the Ge–Se side system in the two-
phase region GeSe₂ + Se (point 1′). A similar 
radial line passing through the composition 
Ag7GeSe5I (point 2) crosses the four-phase 
region +GeI2+GeSe2+Se and reaches (point 2′) 
the three-phase region GeI2-GeSe2-Se (shaded 

Ag7,4GeSe5,4I0,6 27.69±0.05 23.03±0.33 15.63±0.96 

Ag7,6GeSe5,6I0,4 27.01±0.06 22.39±0.34 15.48±0.99 

Ag7,8GeSe5,8I0,2 26.18±0.06 21.65±0.35 15.19±1.01 

HT-Ag8GeSe6 [71] 25.45±0.04 21.05±0.21 14.76±0.55 
RT-Ag8GeSe6 [71] 25.58±0.02 22.93±0.38 8.89±1.23 
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area) of the ternary Ge–Se–I system. Clearly, all 
radial lines passing through the Ag8GeSe6-
Ag7GeSe5I section (line 1–2) reach the indicated 
three-phase region along the line 1′–2′. This 

shows that the partial molar quantities of silver in 
Ag7GeSe5I are thermodynamic functions of the 
following virtual potential-forming reaction (all 
substances in the solid state). 

 
7Ag +0.5GeI2+0.5GeSe2+4Se = Ag7GeSe5I                       (6) 

 
Then, the standard Gibbs free energy of 

formation and the standard enthalpy of formation 
of the Ag7GeSe5I compound can be calculated 
using the following relationship 

 
)]GeSe(Z5)GeI(Z[5.0Z7)IGeSeAg(Z 2

0
f2

0
fAg57

0
f                          (7) 

 
where ZG, H, and the standard entropy is 
 

)Se(S)]GeI(S)GeSe(S[5.0)]Ag(SS[7)IGeSeAg(S 0
2

0
2

00
Ag57

0            (8) 

 
Accordingly, the overall potential-forming 

reaction for the solid solutions Ag8-xGeSe6-xI  
can be written as 

 
(8-x) Ag +0.5хGeI2+0.5(1-x) GeSe2+4Se = Ag8-xGeSe6-xI                                  (9) 

 
and the equations for calculating the standard 
thermodynamic functions of formation and the  

standard entropy, respectively, are given by 

 
)]GeSe(Z)x1()GeI(Zх[5.0Z)х8()IGeSeAg(Z 2

0
f2

0
fAgx6x8

0
f               (10) 

)Se(S4)]GeSe(S)х1()GeI(хS[5.0)]Ag(SS)[х8()IGeSeAg(S 0
2

0
2

00
Agх6х8

0          (11) 

 
In the calculations, the recommended 

values of the standard entropies of silver, 
germanium, and selenium from modern 
reference literature were used (S⁰(Ag) = 42.55 ± 
0.13 Jꞏmol⁻¹ꞏK⁻¹; S⁰(Ge) = 31.09 ± 0.13 
Jꞏmol⁻¹ꞏK⁻¹; S⁰(Se) = 42.13 ± 0.21 Jꞏmol⁻¹ꞏK⁻¹) 
[72], as well as the standard integral 
thermodynamic functions of the compounds 
GeSe₂ and GeI₂ (Table 3). The standard enthalpy 
of formation and entropy of GeSe2 were taken 

from [72, 73], while the corresponding values for 
GeI2 were taken from [74]. The standard Gibbs 
free energies of formation of both compounds 
were calculated based on these data using the 
Gibbs–Helmholtz equation. 

The results of the calculations according to 
equations (7), (8), (10), and (11) are presented in 
Table 3. Data from [63] for the two crystalline 
modifications of Ag8GeSe6 are also provided for 
comparison. 

 
Table 3. Standard integral thermodynamic functions of phases in the Ag8GeSe6 - Ag7GeSe5I system 

and the compounds GeI₂ and GeSe₂ 
Phase fG0(298 K) fH0 (298 K) fS0 (298 K) S0(298 K) 

 
кJ/mol J(molꞏK) 

GeSe2 101.3±2.9 102.3±2.6 [73] - 112.6±3.4 [72] 

GeI2 91.0±6.5 88.1±6.1[74] - 157.0±0.2 [74] 

Ag7GeSe5I 302.0±5.1 266.3±6.9 120.0±7.5 717±10 

Ag7,2GeSe5,2I0,8 302.2±4.7 267.3±6.5 116.4±7.5 721±11 

Ag7,4GeSe5,4I0,6 303.1±4.4 268.4±6.0 116.4±7.5 725±11 

Ag7,6GeSe5,6I0,4 304.3±4.0 269.5±5.9 116.7±7.6 731±12 
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At first glance, the data in Table 3 may give 

the impression that the thermodynamic functions 
of formation of the phases in the Ag8GeSe6–
Ag7GeSe5I system change little with 
composition. However, this is not the case. This 
apparent invariance arises because the presented 

data refer to formula units, and as the phase 
composition changes from Ag7GeSe5I to 
Ag8GeSe6, the number of atoms per formula unit 
changes from 14 to 15. If the data were expressed 
per an equal number of atoms, the numerical 
values would differ significantly.

 
Conclusion 

 
Thus, for the first time, a comprehensive 

set of mutually consistent thermodynamic data 
has been obtained for the compound Ag7GeSe5I 
and the solid solutions Ag8-xGeSe6-xIx. The 
investigations were carried out by EMF 
measurements of concentration cells relative to a 
silver electrode, using a solid Ag⁺-conducting 
electrolyte. Linear equations representing the 
temperature dependence of EMF were 
established for each analyzed phase based on 
these results. The relative partial Gibbs free 
energy, enthalpy, and entropy of silver in the 
alloys were derived from these equations. A 
schematic equilibria diagram of the quaternary 
Ag–Ge–Se–I system was constructed to ascertain 

the virtual potential-forming reactions associated 
with these partial molar quantities, utilizing the 
solid-phase equilibria diagram of the Ag₂Se–
AgI–GeSe₂ system and relevant literature data 
for boundary systems. The standard integral 
thermodynamic functions of formation and 
standard entropies for the Ag7GeSe5I compound 
and the solid solutions Ag8-xGeSe6-xIx with 
compositions x = 0.2, 0.4, 0.6, and 0.8 were 
computed based on this diagram. The 
thermodynamically described argyrodite phases 
are significantly intriguing as eco-friendly 
thermoelectric materials and combined ionic-
electronic conductors. 
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