
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Synthesis and Thermodynamic Investigation of Energy Materials in the Ag–Te–Cl System by
the Solid-State Galvanic Cells
Moroz, Mykola; Tesfaye, Fiseha; Demchenko, Pavlo; Prokhorenko, Myroslava; Prokhorenko,
Serhiy; Lindberg, Daniel; Reshetnyak, Oleksandr; Hupa, Leena
Published in:
JOM Journal of the Minerals, Metals and Materials Society

DOI:
10.1007/s11837-021-04619-9

Published: 01/05/2021

Document Version
Accepted author manuscript

Document License
Publisher rights policy

Link to publication

Please cite the original version:
Moroz, M., Tesfaye, F., Demchenko, P., Prokhorenko, M., Prokhorenko, S., Lindberg, D., Reshetnyak, O., &
Hupa, L. (2021). Synthesis and Thermodynamic Investigation of Energy Materials in the Ag–Te–Cl System by
the Solid-State Galvanic Cells. JOM Journal of the Minerals, Metals and Materials Society, 73(5), 1487-1494.
https://doi.org/10.1007/s11837-021-04619-9

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1007/s11837-021-04619-9
https://research.abo.fi/en/publications/8f1d03f0-9d8f-4540-8e78-365670e50761
https://doi.org/10.1007/s11837-021-04619-9


1 
 

Synthesis and Thermodynamic Investigation of Energy Materials in the Ag–Te–Cl System by 

the Solid-State Galvanic Cells 

Mykola Moroz 1,2,8, Fiseha Tesfaye 3, Pavlo Demchenko 4, Myroslava Prokhorenko 5, Serhiy 
Prokhorenko 6, Daniel Lindberg 7, Oleksandr Reshetnyak 2, Leena Hupa 3 

 

1. —Department of Chemistry and Physics, National University of Water and Environmental 

Engineering, Rivne 33028, Ukraine. 2. —Department of Physical and Colloid Chemistry, Ivan 

Franko National University of Lviv, Lviv 79005, Ukraine. 3. —Johan Gadolin Process Chemistry 

Centre, Åbo Akademi University, Turku 20500, Finland. 4. —Department of Inorganic Chemistry, 

Ivan Franko National University of Lviv, Lviv 79005, Ukraine. 5. —Department of Cartography 

and Geospatial Modeling, Lviv Polytechnic National University, Lviv 79013, Ukraine. 6. —

Department of Measuring Information Technologies, Lviv Polytechnic National University, Lviv 

79013, Ukraine. 7. —Department of Chemical and Metallurgical Engineering, Aalto University, 

Kemistintie 1, Espoo 02150, Finland. 8. —e-mail: m.v.moroz@nuwm.edu.ua 

 

 Abstract 

Discoveries of new energy materials with unique properties and a wider thermal stability ranges 

enable sustainable developments toward a low-carbon society. In this work, phase stabilities and 

thermodynamic properties of selected compounds in the Ag–Te–Cl system with a potential 

application as energy materials have been critically reviewed and experimentally investigated. 

Based on the literature data on phase formations in the AgCl–Ag2Te–Te part of the Ag–Te–Cl 

system and the results of electromotive force (EMF) measurements in this work, formations of the 

Ag19Te6Cl7, Ag10Te4Cl3, Ag5Te2Cl, and Ag23Te12Cl compounds below 500 K were established. The 

EMF measurements were performed in a carefully built galvanic cells with positive electrodes 

prepared from finely ground mixtures of pure substances Ag, Te, and AgCl. Based on the 

temperature dependences of the EMF of the cells, the standard thermodynamic quantities of the 

ternary compounds of the Ag–Te–Cl system were experimentally determined for the first time. 

 

Keywords: thermoelectric materials; solid-state synthesis; ionic conductivity; electromotive force 

method; thermodynamic properties. 

 

1. INTRODUCTION 

Discoveries of various new energy materials with unique properties and a wider thermal 

stability ranges enable the move toward achieving increased renewable energy generation. Plans for 
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a complete waste heat recovery rely on the performance and availability of different thermoelectric 

materials (TMs). The performance of TMs is quantified as a function of temperature by a 

dimensionless figure of merit ZT = σS2T/(κel + κlat), where σ, S, T, κel, and κlat are the electrical 

conductivity, Seebeck coefficient, temperature, electronic thermal conductivity, and lattice thermal 

conductivity, respectively [1,2]. Compounds in the Ag–Te–Cl system such as Ag10Te4Cl3 show 

impressive values of ZT [3]. Furthermore, the Ag–Te–Cl-ternary compounds are being investigated 

due to their high ion dynamics and favorable physical properties related to their electronic 

structures [4]. 

The Ag–Te–Cl system in the AgCl–Ag2Te–Te (І) part features the formation of ternary 

compounds Ag5Te2Cl [5,6], Ag10Te4Cl3 [3], and Ag23Te12Cl [4,7]. The Ag5Te2Cl compound forms 

at Т=(790±3) K in the peritectic reaction L + Ag2Te = Ag5Te2Cl [5]. Authors observed a reversible 

β↔α phase transformation at T=(329±3) K with ∆Htr=(9.8±0.4) kJmol−1. Doert et al. [6] reported 

that crystals of trimorphic Ag5Te2Cl compound were obtained through the solid-state reaction from 

a stoichiometric mixture of Ag, Te, and TeCl4 at T=753 K between 4 and 10 days. The obtained 

crystals exist up to T=193 K without decomposition. Nilges et al. [8] reported that the Ag5Te2Cl 

compound is a trimorphic phase with two reversible phase transitions at T=240.9 K and T=334.2 K. 

The β-Ag5Te2Cl phase can be regarded as an intermediate phase between the disordered (α-) high- 

and the ordered (γ-) low-temperature phase showing an almost ordered silver distribution in 

addition to a slightly different arrangement of the anionic substructure. The α-Ag5Te2Cl, the 

disordered high-temperature modification above T=334 K, is an interesting ion conductor with a 

conductivity and an activation energy comparable to those of well-known fast Ag+ conductors AgI, 

Ag4RbI5, or Ag3SI [8–10]. Consequently, the Ag5Te2Cl is an excellent 1-dimension ionic conductor 

having a pronounced silver mobility along complex silver columns. The β↔α phase transition at 

T=334 K also results in pronounced effects in the electric and thermoelectric properties [11,12]. 

According to [11], Ag5Te2Cl is the first example where mobile Ag+ ions interact to create low-

dimensional partially covalent-bonded units. The interaction of low-dimensional structural units 

depends strongly on temperature, which then causes to a switching of thermoelectric and electronic 

properties. Between Т=(298 and 500) K, the Ag5Te2Cl phase exhibit low thermal conductivities in 

the range 0.19–0.60 W(mK)1, with a maximum ZT value of 0.033 [11]. 

 Synthesis and physicochemical properties of the Ag10Te4Cl3 compound were reported in [3]. 

Ag10Te4Cl3 was observed to switch of the electric properties from a p-type via n-type and back to p-

type conductivity with a simple change of temperature around 390 K. Similar changes are 

characteristic of the compound Ag10Te4Br3, for which the modulation of the electronic structure is a 

consequence of low-temperature interactions in the anionic sublattice [11]. It accompanied by a 

huge jump of the Seebeck coefficient. Up to 0.017 ZT value was observed for the Ag10Te4Cl3 at 
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T=390 K [3]. A new approach to improving thermoelectric properties by generating low-

dimensional interactions in solids was conceptualized in [13,14]. 

 Synthesis and crystal structure of the Ag23Te12Cl compound were reported in [7]. According 

to Lange et al. [7], Ag23Te12Cl does not undergo phase transition in the range of T=(100–750) K. 

Later on, Osters et al. [4] reported that the Ag23Te12Cl decomposes to binary phases at T=688 K. 

The Ag23Te12Cl compound have both covalent and ionic motifs in its anionic substructures, similar 

to the Ag10Te4Cl3. The Ag23Te12Cl and Ag10Te4Cl3 phases are characterized by comparable 

polytelluride substructures featuring a Peierls-distorted chain of predominantly covalently bonded 

tellurium [7]. Peierls-distorted chains can be used as a quantum data bus for carry out high-fidelity 

quantum-state transfer of polaritonic, photonic, and atomic states [15,16]. 

There are no previous reports on the Ag19Te12Cl compound in the literature. The formation of 

a solid solution of the Ag19Te6Br7-xClx in the range of x=(0–1.25) was established in [17]. No 

information on the thermodynamic properties of ternary compounds of the Ag–Te–Cl system was 

found in the open literature. 

The purpose of this work was to demonstrate the capabilities of solid-state synthesis of 

compounds in the Ag–Te–Cl system where the energy of the thermal motion of atoms is insufficient 

for the formation of the nucleation centers of phases, and to determine thermodynamic properties of 

the ternary compounds of the system by applying the electromotive force (EMF) method. The 

results can be used in phase diagrams modeling and govern the chemical behaviors of the ternary 

compounds in a more complex systems, including the ongoing research on the effects of 

substitutions of Te with (S, Se) and Cl with (Br, I) for the improved thermoelectric properties of 

these materials. 

 

2. EXPERIMENTAL PROCEDURE 

The starting materials for synthesis were high-purity elements (99.99 wt% Ag, 

99.999 wt% Te, 99.9 wt% AgCl, 99.99 wt% Ge, and 99.99 wt% S). To accomplish accurate 

thermodynamic measurements, the following galvanic cells (GCs) were assembled: 

(−) IE || Ag || SE || R(Ag+) || PE || IE (+),       (A) 

where IE is the inert electrode (graphite), Ag is the negative (left) electrode, SE is the solid-state 

electrolyte, PE is the positive (right) electrode, R(Ag+) is the region of Ag+ diffusion into PE. 

A layout of the GC is depicted in Fig. 1. 
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Fig. 1. Schematic of experimental setup for EMF-measurements in a horizontal gas tight muffle furnace: 

graphite (1), negative electrode (2), solid electrolyte (3), R(Ag+) region (4), positive electrode (5), covering 

aluminum sheet (6), lid (7), quartz glass tube (8), heater (9), fluoroplast matrix (10), wires connected to 

electrometer (11), and thermocouple (12). 

 

Pellets prepared from a pure silver powder were applied as a negative electrode. The fast 

Ag+ conductor Ag2GeS3 glass [18] was used as SE. The Ag2GeS3 glass was obtained by melt 

quenching of the corresponding elements from T=1200 K into ice water [18–20]. Based on the high 

purity of the starting elements and good agreement of the glass transition and crystallization 

temperatures obtained in our study [20] with values reported in [18], we conclude that the purity of 

the synthesized glass is at least 0.99 mass fraction. 

PE at the stage of the cell preparation is a well-mixed composition of finely ground mixtures 

of pure substances AgCl, Te, and Ag, with particle size ~5 μm. GC components in powder form 

were pressed at 108 Pa through a 2 mm diameter hole arranged in the fluoroplast matrix up to 

density ρ = (0.93 ± 0.02)ρ0, where ρ0 is the experimentally determined density of cast 

samples [21,22]. The process of forming the equilibrium set of phases in the R(Ag+) region for the 

particle size of the heterogeneous phase mixture ~5 μm and Т=500 K took less than 7 h. The 

criterion for completing the formation of the equilibrium set of phases is the reproducibility of the 

EMF vs T dependences of GCs in the heating-cooling cycles. It was not impossible to isolate from 

pressed components of GCs the equilibrium set of phases for X-ray diffraction analysis due to its 

negligible amount, similarly to the case in [23]. 

EMF-measurements were performed by the compensation method, in a horizontal resistance 

furnace, similar to that described in [24]. As protective atmosphere, we used a continuously flowing 

highly purified (0.9999 volume fraction) Ar(g) at P = 1.2105 Pa, with a flow rate of 210−3 m3h−1 

from the left to right electrode of the GCs [2,25]. The temperature was maintained with an accuracy 

of ±0.5 K [26,27]. The EMF (E) of the cells were measured by high-resistance (input impedance of 
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>1012 Ω) universal U7-9 digital voltmeter [28]. The heating and cooling rates were 2 Kmin−1. The 

equilibrium in GCs at each temperature was achieved in 7 h. The criterion for attaining 

equilibrium state in the PEs were (1) when the EMF values measured at the target equilibration 

temperature wing around a certain EMF value and (2) the reproducibility of the E vs T dependences 

of GCs in the heating-cooling cycles. Differences in the EMF values at a specific equilibration 

temperature did not exceed ∆E = ±0.3 mV. 

 

3. RESULTS AND DISCUSSION 

In GCs of the type (A), the left electrode contains a compressed powder of pure silver, and 

the right one contains a compressed powder mixture of Ag, Te, and AgCl. The EMF values of the 

assembled GCs after three-fold thermal cycling in the range of T=(300–380) K is ~0 mV at 300 K, 

which is an indication of the chemical potential of Ag in the reference and cathode electrodes is the 

same, i.e., activity of Ag is ~1 in both the pure Ag (the reference electrode) and the pure Ag bearing 

powder mixture (cathode electrode, PE). Thus, silver in the initial mixture of phases did not interact 

with Te and AgCl below 380 K. The EMF of cells heated above 400 K increases with time both under 

isothermal conditions and with a further increase in temperature. Such increase in the EMF of the 

cells is due to changes in the phase composition of the PE. The chemical reactions in the area of 

contact of the initial mixture of phases are assumed. One of the possible reaction on the surface of 

individual silver grains. The energy required for the reaction is provided by local fluctuation 

vibrations of atoms with amplitudes significantly higher than the average values at the corresponding 

temperature. As a result of the reaction, the nanoscale phase is formed, including random ratios of 

silver, tellurium, and chloride atoms in the first and subsequent coordination spheres. Thus, a new 

nonequilibrium combination of tellurium, silver chloride, and nanoscale phase is formed at T>400 K. 

The surfaces of these phases do not contain silver atoms in the free state. The metastable sets of 

phases formed in the part of the PE close to the SE contain mobile Ag+ ions diffusing from the solid 

electrolyte due to differences in chemical potential. The decrease in the concentration of the Ag+ ions 

in the SE is compensated by the left electrode. On the left electrode the electrochemical process is 

realized as Ag  Ag+ + e. The left electrode is charging negatively. Measurable EMF values of GCs 

are as a result these electrochemical processes. Ag+ ion is not a phase and does not chemically interact 

with PE components. The Ag+ ions act as the nucleation centers for stable compounds and as the 

catalysts for low-temperature chemical reactions of the formation of the equilibrium set of 

phases [29]. The formation of the equilibrium set of phases in the R(Ag+) region is accompanied by 

a change in the difference between the chemical potentials of silver in the left and right electrodes of 

the GC. Therefore, the chemical process of synthesis of the equilibrium set of phases in the R(Ag+) 

region is accompanied by electrochemical processes in the left electrode and with the subsequent 
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diffusion of the Ag+ ions to the PE region. The consequence of such electrochemical processes is 

increasing the EMF values of the cells after setting the equilibration temperature. The EMF of the 

cells becomes a constant value when the formation of the equilibrium set of phases in the R(Ag+) 

region at the specific temperature has finished. It is important to note that the equilibrium set of phases 

in the R(Ag+) region does not contain silver atoms. Therefore, the overall reaction of formation of the 

ternary compounds includes electrochemical processes in the left and right electrodes of GCs. 

In Table I, 9  three phase regions (PRs), i.e., PR(1)–PR(9) in the part (І) of the Ag–Te–Cl 

system were compiled. These regions are isolated with the solid lines of 2-phase equilibria in Fig. 2. 

The division of (І) is based on reports [3,5–7] and our investigations of the boundaries of phase 

fields by the EMF method. For instance, three-phase regions that is more distant from the point of 

silver are characterized by higher EMF value at constant temperature. The correctness of the 

suggested limits of three-phase regions PR(1)–(6) is confirmed by the following calculations of 

thermodynamic functions for the Ag5Te2Cl and Ag23Te12Cl compounds. 

 

Table I. Ternary phase regions in the Ag–Te–Cl system and the respective measured EMF 

values at T=460 K 

Number of the 
phase region 

Phase region E / mV 

PR(1) AgCl–Ag19Te6Cl7–Te 243.31 
PR(2) Ag19Te6Cl7–Ag10Te4Cl3–Te 234.58 
PR(3) Ag10Te4Cl3–Ag5Te2Cl–Te 233.94 
PR(4) Ag19Te6Cl7–Ag5Te2Cl–Ag10Te4Cl3 222.07 
PR(5) Ag5Te2Cl–Ag2Te–Ag23Te12Cl 207.12 
PR(6) Ag5Te2Cl–Ag23Te12Cl–Te 231.24 
PR(7) Ag23Te12Cl–Ag2Te–Ag1.9Te – 
PR(8) Ag23Te12Cl–Ag1.9Te–Ag5Te3 – 
PR(9) Ag23Te12Cl–Ag5Te3–Te – 
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Fig. 2. Equilibrium phase relations in the system Ag–Te–Cl system, particularly in the AgCl–Ag2Te–Te part, 

below T = 500 K. Red dots indicate compositions of the positive electrodes of the GCs in the phase regions 

(1)–(6). EMF values (mV) at T=460 K are shown for each composition. 

 

The established division of (I) relative to the position of Ag can be used for the calculation 

of thermodynamic properties of the ternary compounds that are at equilibrium in these regions. The 

AgCl–Ag19Te6Cl7–Te phase region is the farthest from the point of Ag. For this region, the 

electrochemical process of the synthesis of the Ag19Te6Cl7 compound from Ag, Te, and AgCl can 

be expressed as: 

12Ag = 12Ag+ + 12e– – left (reference) electrode,       

12Ag+ + 12e– + 7AgCl + 6Te = Ag19Te6Cl7 – right (sample) electrode,    

12Ag + 7AgCl + 6Te = Ag19Te6Cl7 – overall electrochemical cell reaction.  (R1) 

 The overall electrochemical cell reactions in the PE of GCs (A) for phase regions PR(2)–(6) 

can be expressed as: 

13Ag + 3Ag19Te6Cl7 + 10Te = 7Ag10Te4Cl3,    (R2) 

5Ag + Ag10Te4Cl3 + 2Te = 3Ag5Te2Cl,     (R3) 

4Ag + 4Ag10Te4Cl3 = 5Ag5Te2Cl + Ag19Te6Cl7,    (R4) 

2Ag + Ag23Te12Cl = 10Ag2Te + Ag5Te2Cl,     (R5) 

18Ag + Ag5Te2Cl + 10Te = Ag23Te12Cl.     (R6) 
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In accordance with reactions (R1)–(R6), the compositions of the PE of the GCs were determined by 

component ratios Ag/Te/AgCl: 7/6/7, 43/28/21, 10/6/3, 15/8/6, 23/12/1, and 14/12/1, respectively. 

The compositions of PEs are located inside the respective three-phase regions on the radial lines 

passing through silver and ternary compounds. In Fig. 2, these compositions are marked by red 

dots. 

 Variations of EMF values with temperature of the GCs in PR(1)–(6) are compiled in 

Table S1 and plotted in Fig. 3. 

 

 

Fig. 3. E vs T of the GCs with the positive electrodes in the phase regions PR(1)–(6). 

 

The treatment of the Е vs T dependencies for reactions (R1)–(R6) in the range of T=(420–

504) K was performed by the least-squares method [30–32] using Eq. (1): 

𝐸 = 𝑎 + 𝑏𝑇 ≡  𝐸 + 𝑏(𝑇 − 𝑇),     (1) 

where 𝐸 =
∑

, 𝑇 =
∑

 (𝐸  is the EMF of the GC at temperature 𝑇 ; 𝑛 is number of experimental 

pairs 𝐸  and 𝑇 ). 

Coefficients 𝑏 and 𝑎 were calculated by the following Eqs. (2) and (3): 

𝑏 =
∑[( )( )]

∑( )
,        (2) 

𝑎 =  𝐸 − 𝑏𝑇.         (3) 

 The statistical dispersions of the measurement uncertainties consisted in the calculation 

variances of experimental values of EMF 𝐸 (𝑢 ), coefficients 𝑏 (𝑢 ) and 𝑎 (𝑢 ) as well as 

dispersions of the calculated by Eq. (1) EMF values 𝐸 (𝑢 ): 
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𝑢 =
∑( )

,        (4) 

𝑢 (𝑇) =
∑( )

,        (5) 

𝑢 (𝑇) = +
∑( )

,       (6) 

𝑢 (𝑇) = + 𝑢 (𝑇 − 𝑇) .       (7) 

 Uncertainties ( ) of the corresponding quantities can be calculated by the Eq. (8): 

 = 𝑘𝑢          (8) 

where 𝑘 is the Student’s coefficient, 𝑢  is the standard deviation. At the confidence level of 95% 

and 𝑛 = 18, Student’s coefficient is equal 𝑘 = 2.101 [33]. 

 According to [34,35], the final equation of the Е vs T dependences together with the 

statistical dispersions is express as: 

𝐸 = 𝑎 + 𝑏𝑇 ± 𝑘 + 𝑢 (𝑇 − 𝑇) .     (9) 

Experimental values of the EMF and temperature (presented in Table S1) were used to calculate the 

coefficients and dispersions of Eq. (9) for the PR(1)–(6). Results of calculations are listed in 

Table II. 

The Gibbs energies, entropies, and enthalpies of the reactions (R1)–(R6) can be calculated 

by combining the measured EMF values of each GCs and the thermodynamic Eqs. (10)–(12): 

∆ 𝐺 = −𝑧 ⋅ F ⋅ 𝐸,        (10) 

∆ 𝐻 = −𝑧 ⋅ F ⋅ [𝐸 − (𝑑𝐸/𝑑𝑇) ⋅ 𝑇],      (11) 

∆ 𝑆 = 𝑧 ⋅ F ⋅ (𝑑𝐸/𝑑𝑇),       (12) 

where 𝑧 is the number of electrons involved in the reactions (R1)–(R6), F = 96485.33289 С·mol –1 

is Faraday constant, and E in V is the EMF of the GCs. 

 The uncertainties of Gibbs energies, entropies, and enthalpies of the (R1)–(R6) can be 

calculated by the following equations: 

∆ = 𝑧 ⋅ F ⋅  ,        (13) 

∆ = 𝑧 ⋅ F ⋅ [ +  ⋅ 𝑇],       (14) 

∆ = 𝑧 ⋅ F ⋅  ,        (15) 

where   and   are uncertainties of the EMF values 𝐸 and the coefficient 𝑏, respectively, calculated 

by Eq. (8). 

 

Table II. Relations between the EMF and temperature for type (A) GCs in phase regions (1)–

(6) of the Ag–Te–Cl system in the range of T=(420–504) K. Values of the coefficients 𝒂 and 𝒃 



10 
 

are obtained through linear least squares analysis of the measured Е vs T data, 𝒏 is the number 

of experimental points, 𝒌 is Student’s coefficient at 95% level of confidence 

Phase 
region 𝑬 = 𝒂 + 𝒃𝑻 ± 𝒌

𝒖𝑬
𝟐

𝒏
+ 𝒖𝒃

𝟐(𝑻𝒊 − 𝑻)𝟐  

PR(1) 𝐸( ) = 144.42 + 215.26 ∙ 10 𝑇 ± 2.101
1.02 ∙ 10

18
+ 8.65 ∙ 10 (𝑇 − 462.42)  

PR(2) 𝐸( ) = 147.99 + 188.38 ∙ 10 𝑇 ± 2.101
1.32 ∙ 10

18
+ 1.11 ∙ 10 (𝑇 − 462.42)  

PR(3) 𝐸( ) = 146.85 + 189.37 ∙ 10 𝑇 ± 2.101
1.17 ∙ 10

18
+ 9.91 ∙ 10 (𝑇 − 462.42)  

PR(4) 𝐸( ) = 82.35 + 303.48 ∙ 10 𝑇 ± 2.101
2.34 ∙ 10

18
+ 1.98 ∙ 10 (𝑇 − 474.58)  

PR(5) 𝐸( ) = 49.63 + 342.39 ∙ 10 𝑇 ± 2.101
1.12 ∙ 10

18
+ 9.44 ∙ 10 (𝑇 − 462.42)  

PR(6) 𝐸( ) = 151.55 + 173.37 ∙ 10 𝑇 ± 2.101
1.02 ∙ 10

18
+ 8.63 ∙ 10 (𝑇 − 462.42)  

 

The thermodynamic functions of the reactions (R1)–(R6) and their uncertainties at T=298 K 

were calculated using Eqs. (10)–(15) in the approximation = 0 and = 0 [36,37]. 

The results of the calculations are presented in Table III. 

 

Table III. Standard thermodynamic quantities of the reactions (R1)–(R6) in the GCs 

Reaction 
−𝚫𝐫𝑮○ −𝚫𝐫𝑯○ 𝚫𝐫𝑺○ 

kJmol −1 J(molK) −1 
(R1) 241.48 ± 0.38 167.21 ± 1.05 249.23 ± 2.26 
(R2) 256.04 ± 0.46 185.63 ± 1.29 236.29 ± 2.78 
(R3) 98.07 ± 0.17 70.84 ± 0.47 91.36 ± 1.01 
(R4) 66.68 ± 0.19 31.78 ± 0.53 117.12 ± 1.14 
(R5) 29.27 ± 0.07 9.58 ± 0.18 60.07 ± 0.39 
(R6) 352.93 ± 0.56 263.20 ± 1.57 301.10 ± 3.39 

 

Standard Gibbs energy, enthalpy, and entropy of reaction (R1) are related to the Gibbs 

energy, enthalpy of formation and entropy of compounds and pure elements by the following 

equations: 

∆ ( )𝐺○ = ∆ 𝐺○ − 7∆ 𝐺○ ,      (16) 

∆ ( )𝐻○ = ∆ 𝐻○ − 7∆ 𝐻○ ,      (17) 

∆ ( )𝑆○ = 𝑆○ − 12𝑆○ − 7𝑆○ − 6𝑆○ .     (18) 
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It follows from Eqs. (16)–(18) that: 

∆ 𝐺○ = 7∆ 𝐺○ + ∆ ( )𝐺○,      (19) 

∆ 𝐻○ = 7∆ 𝐻○ + ∆ ( )𝐻○,      (20) 

𝑆○ = 12𝑆○ + 7𝑆○ + 6𝑆○ + ∆ ( )𝑆○.     (21) 

The corresponding reactions to determine ∆ 𝐺○, ∆ 𝐻○, and 𝑆○ for the Ag10Te4Cl3, Ag5Te2Cl, 

and Ag23Te12Cl compounds can be written similar to Eqs. (19)–(21) with their appropriate 

stochiometric numbers. 

Combining Eqs. (10)–(12) and (19)–(21), using thermodynamic data of the pure 

elements [38], and compounds AgCl [38], Ag2Te [37], the standard Gibbs energy of formations of 

compounds of the Ag–Te–Cl system were calculated. 

∆ 𝐺 /(kJmol ) =  −(1056.6 ± 10.5) + (156.0 ± 3.9) ⋅ 10 𝑇/K,  (22) 

∆ 𝐺 /(kJmol ) =  −(479.3 ± 5.6) + (33.1 ± 0.9) ⋅ 10 𝑇/K,  (23) 

∆ 𝐺 /(kJmol ) =  −(183.4 ± 4.7) − (19.4 ± 0.6) ⋅ 10 𝑇/K,   (24) 

∆ 𝐺 /(kJmol ) =  −(178.5 ± 6.2) − (28.1 ± 1.2) ⋅ 10 𝑇/K,   (25) 

∆ 𝐺 /(kJmol ) =  −(468.6 ± 21.2) − (258.0 ± 5.9) ⋅ 10 𝑇/K,  (26) 

∆ 𝐺 /(kJmol ) =  −(446.6 ± 12.4) − (320.5 ± 6.1) ⋅ 10 𝑇/K.  (27) 

A comparative summary of the calculated values together with the available literature data is 

presented in Table IV. The standard uncertainties for the thermodynamic data of this work were 

calculated by accumulating the calculated deviations in Table III and data of Refs. [37,38]. 

 

Table IV. A summary of the standard thermodynamic quantities of selected phases in the Ag–

Te–Cl system 

Phase 
Phase 
region 

−∆𝐟𝑮○ −∆𝐟𝑯○ 𝑺○ 
Ref. 

kJ·mol –1 J·mol –1·K –1 

Ag – 0 0 42.55  0.21 [38] 

Te – 0 0 49.71  0.20 [38] 

Cl2 – 0 0 223.08  0.01 [38] 

AgCl – 109.8 ± 0.1 127.1 ± 0.1 96.2 ± 0.2 [38] 
Ag2Te – 38.56 ± 0.93 29.49 ± 1.56 165.2 ± 4.1 [37] 

Ag19Te6Cl7 PR(1) 1010.1  6.4 1056.6  10.5 1731.5  44.3 This work 

Ag10Te4Cl3 PR(2) 469.4  3.2 479.3  5.6 925.8  25.4 This work 

Ag5Te2Cl PR(3) 189.2  2.3 183.4  4.7 443.1  13.3 This work 

Ag5Te2Cl PR(4) 186.9  4.0 178.5  6.2 451.9  18.5 This work 

Ag23Te12Cl PR(5) 545.5  14.6 468.6  21.2 1944.6  44.1 This work 

Ag23Te12Cl PR(6) 542.1  5.8 446.6  12.4 2007.2  38.4 This work 
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The Δ 𝐺○ values of the Ag5Te2Cl compound were calculated from the E vs T dependences 

of two different potential-forming processes: the synthesis of Ag5Te2Cl from Ag, Te, and 

Ag10Te4Cl3 in PR(3); the synthesis of Ag5Te2Cl and Ag19Te6Cl7 from Ag and Ag10Te4Cl3 in PR(4). 

The Δ 𝐺○ values of the Ag23Te12Cl compound were also calculated in two different phase regions: 

the decomposition of Ag23Te12Cl into Ag2Te and Ag5Te2Cl in PR(5); and the synthesis of 

Ag23Te12Cl from Ag5Te2Cl and Ag, Te elements in PR(6). These processes involve all compounds 

of the concentration space (I). The convergence within the experiment error of the calculated Δ 𝐺○ 

values for the Ag5Te2Cl and Ag23Te12Cl compounds (the relative differences are ~1.2% and ~0.7%, 

respectively) serves as the validation to: 

 phase composition and division of the equilibrium concentration space (I), 

 calculated values of the thermodynamic functions of Ag19Te6Cl7, Ag10Te4Cl3, Ag5Te2Cl, 

and Ag23Te12Cl compounds; 

 reliability of the literature values of the thermodynamic properties of AgCl and Ag2Te. 

 

4. CONCLUSIONS 

 The division of the Ag–Te–Cl system in the AgCl–Ag2Te–Te part into 9 three-phase regions 

was proposed. The positions of the phase regions AgCl–Ag19Te6Cl7–Te, Ag19Te6Cl7–Ag10Te4Cl3–

Te, Ag10Te4Cl3–Ag5Te2Cl–Te, Ag19Te6Cl7–Ag5Te2Cl–Ag10Te4Cl3, Ag5Te2Cl–Ag2Te–Ag23Te12Cl, 

and Ag5Te2Cl–Ag23Te12Cl–Te versus the point of Ag were used to express equations of overall cell 

reactions. Low-temperature (T≤500 K) synthesis of the equilibrium set of phases from a metastable 

powder mixture of Ag, Te, and AgCl was carried out in the R(Ag+) region of the positive electrode 

of the galvanic cell adjacent to the Ag+ conducting solid-state electrolyte. The ratios of Ag, Te, and 

AgCl were determined based on the equations of the overall cell reactions. The R(Ag+) region is 

characterized by a positive spatial charge from the Ag+ ions, displaced from the left electrode for 

thermodynamic reasons. The Ag+ ions act as the nucleation centers for stable compounds and as the 

catalysts for low-temperature chemical reactions of the formation of the equilibrium set of phases. 

The described low-temperature synthesis of compounds makes possible the determination of the 

phase composition of inorganic systems in the part of the Т–х space where the energy of the 

oscillating motion of atoms is insufficient for the formation of the nucleation centers of phases. 

 The temperature dependent thermodynamic quantities (∆ 𝐺○, ∆ 𝐻○, and 𝑆○) of the 

Ag19Te6Cl7, Ag10Te4Cl3, Ag5Te2Cl, and Ag23Te12Cl were determined from ЕMF versus Т relations 

of the galvanic cells for the first time. Consistency of the proposed phase regions of the AgCl–

Ag2Te–Te part and the calculated thermodynamic values of the ternary compounds was confirmed 

by the agreement of: 



13 
 

 ∆ 𝐺○ values of the Ag5Te2Cl compound determined in the phase regions Ag10Te4Cl3–

Ag5Te2Cl–Te and Ag19Te6Cl7–Ag5Te2Cl–Ag10Te4Cl3, and  

 ∆ 𝐺○ values of the Ag23Te12Cl compound in the phase regions Ag5Te2Cl–Ag2Te–

Ag23Te12Cl and Ag5Te2Cl–Ag23Te12Cl–Te. 

 The obtained thermochemical data of the compounds in this work can be used in modeling 

of the complex phase diagrams of the Ag–{Se, Te}–{Cl, Br, I} systems and promote the search for 

new inorganic martial compositions with unique properties such as the combination of high ZT and 

a wider thermal stability range. 
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Appendix A. Supplementary data 

 
Table S1. A summary of the measured temperature and EMF values (E) of the galvanic cells from 
different phase regions (PR) of the Ag–Te–Cl system 

T/K 
E(R1)/mV E(R2)/mV E(R3)/mV E(R4)/mV E(R5)/mV E(R6)/mV 

PR(1) PR(2) PR(3) PR(4) PR(5) PR(6) 
420.3 234.89 227.10 226.52 210.19 193.51 224.56 
425.3 236.01 228.11 227.21 211.47 195.49 225.32 
430.3 236.98 228.79 228.30 212.99 196.87 226.08 
435.2 238.22 230.13 229.48 214.11 198.43 226.98 
440.2 239.17 230.92 230.18 215.80 200.36 227.89 
445.2 240.01 231.89 231.10 217.57 202.22 228.82 
450.1 241.30 233.00 232.12 218.71 203.70 229.56 
455.1 242.48 233.72 233.20 220.47 205.43 230.29 
460.0 243.31 234.58 233.94 222.07 207.12 231.24 
465.0 244.71 235.51 234.70 223.53 208.82 232.13 
469.9 245.63 236.53 235.88 224.86 210.58 232.98 
474.8 246.68 237.60 236.80 226.30 212.31 233.91 
479.7 247.62 238.33 237.59 227.99 213.84 234.63 
484.7 248.84 239.27 238.64 229.35 215.47 235.61 
489.6 249.79 240.09 239.67 231.12 217.23 236.42 
494.5 250.84 241.21 240.49 232.48 218.99 237.09 
499.4 251.89 242.03 241.42 233.93 220.60 238.31 
504.3 252.94 242.95 242.35 235.37 222.37 239.11 

 

 


