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 Abstract 

The division of the concentration space AgBr–Ag2Te–Te (І), which is a part of the Ag–Te–Br 

system, into 10 three-phase regions was established based on literature data and the results of the 

electromotive force (EMF) measurements in this work. The overall potential-forming reactions 

were expressed for the phase regions AgBr–Ag19Te6Br7–Te, Ag19Te6Br7–Ag3TeBr–Te, Ag3TeBr–

Ag10Te4Br3–Te, Ag3TeBr–Ag5Te2Br–Ag10Te4Br3, Ag5Te2Br–Ag2Te–Ag23Te12Br, and Ag10Te4Br3–

Ag23Te12Br–Te. Reactions were performed by applying electrochemical cells (ECCs) of the type 

(−) IE | Ag | Solid-state electrolyte | R(Ag+) | PE | IE (+), where IE is the inert electrode (graphite), 

Ag is the negative (left) electrode, PE is the positive (right) electrode, R(Ag+) is the region of Ag+ 

diffusion into PE. PEs of ECCs were prepared from finely ground mixtures of pure substances Ag, 

Te, and AgBr. The component ratios were determined from the equations of the potential-forming 

reactions in respective phase regions. Non-activation synthesis of the equilibrium set of phases was 

performed in the R(Ag+) region of ECCs. The Ag+ ions migrated from the left electrode to the right 

one for thermodynamic reasons act as nucleation centers for the equilibrium set of phases. The 

synthesis duration for the mixture particle size ~5 μm and Т=500 K is under 5 hr. Linear 

dependences ЕMF vs Т of ECCs between Т=(440 and 500) K were used for calculations of the 

standard values of the Gibbs energies, enthalpies, and entropies of equilibrium compounds in (I) 
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consisting of Ag19Te6Br7, Ag3TeBr, Ag10Te4Br3, Ag5Te2Br, and Ag23Te12Br. The observed 

experimental results and thermodynamic calculations are in good agreement. 

 

 Keywords: non-activation synthesis; thermoelectric materials; electromotive force method; 

Gibbs energy; thermodynamic functions. 

 

 

1. Introduction 

New energy materials discoveries enable various opportunities to meet the ever-increasing 

demand to produce cleaner energy. For the clean energy production through thermoelectric 

applications, new materials discoveries often aim at achieving higher figure of merit ZT, which is 

often used as measure of their performance, and a wider thermal stability ranges [1–3]. 

Multicomponent phases in the Ag–Te–Br system are among the class of materials under 

investigation as candidates for high performing thermoelectric materials. For instance, the study of 

Nilges et al. [4] on the Seebeck effect of the compound Ag10Te4Br3 has resulted in interesting 

fluctuations with changing temperature. 

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

compounds Ag19Te6Br7 [5], Ag3TeBr [6], Ag5Te2Br [7,8], Ag10Te4Br3 [9,10], and 

Ag23Te12Br [11,12]. The Ag19Te6Br7, Ag10Te4Br3, and Ag23Te12Br compounds were obtained by 

melting appropriately weighed mixtures of Ag, Te, and AgBr at Т≤1270 K for 1 day, followed by 

homogenizing annealing in the range of T=(620–663) K for 2-3 weeks. The Ag3TeBr compound 

forms at Т=710 K in the peritectic reaction L + Ag2Te = Ag3TeBr [6]. An attempt to synthesis 

Ag5Te2Br compound in an evacuated quartz glass ampoules by [7] was not successful. They 

reported that the melt mixture of Ag : Te : AgBr = 4 : 2 : 1 resulted in two separate phases Ag2Te 

and AgBr up on cooling to Т=290 K. The Ag5Te2Br synthesis was achieved in an autoclave from 

the Ag2Te and AgBr mixture in 12.5% aqueous ammonia at Т=453 K over 14 days [7]. 

The crystal structures, electric conductivity, thermal conductivity, thermo-EMF, and heat 

capacity of the ternary compounds were investigated by some researchers [2,4,11–13]. The 

formation in cation and anion sub-lattices of low-dimensional spatially-oriented structural units 

with partially covalent bonding was established. The interaction of low-dimensional structural units 

depends strongly on temperature, e.g. temperature change of 4-morphic Ag10Te4Br3 in the vicinity 

of Т=390 K causes reversible switching between p- and n-type conduction. It accompanied by a 

huge jump of the Seebeck coefficient [4]. Ag19Te6Br7 and Ag23Te12Br exhibit similar 

properties [11]. A new approach to improving thermoelectric properties by generating low-

dimensional interactions in solids was conceptualized in [2,13]. 
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Thermodynamic properties of the Ag3TeBr compound were determined by the electromotive 

force (EMF) method in [14]. No information on the thermodynamic properties of other ternary 

compounds of the Ag–Te–Br system was found. 

 The main objective of this work was to demonstrate the capabilities of non-activation 

synthesis of compounds in the Ag–Te–Br 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 using EMF method. The results 

can be used in CALPHAD modeling [15] of the behavior of the ternary compounds in four-element 

space under substitutions Te  S, Se; Br  Cl, I. 

 

2. Experimental 

All substances used in this investigation are compiled in Table 1 together with their 
corresponding purity. 

 
Table 1. Provenance and purity of materials used in the experiments. Purification and purity analysis 

methods are as stated by the supplier. 

Chemical 
formula 

Source CAS No Form Mass fraction 
of purity 

Ag Sigma-Aldrich 
(Germany) 

7440-22-4 Powder 0.9999 

Te Sigma-Aldrich 
(Germany) 

13494-80-9 Powder 0.99999 

AgBr Lenreactiv 
(Russia) 

7785-23-1 Powder 0.999 

Ge Lenreactiv 
(Russia) 

7440-56-4 Powder 0.9999 

S Lenreactiv 
(Russia) 

7404-34-9 Powder 0.9999 

Ag2GeS3
 a Synthesis – Ingot 0.99 

a Glassy material. 
 

For the EMF measurements [16–21], the following electrochemical cells (ECCs) were 

assembled: 

(−) IE | Ag | Solid-state electrolyte | R(Ag+) | PE | IE (+),     (A) 

where IE is the inert electrode (graphite), Ag is the negative (left) electrode, PE is the positive 

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

A layout of the ECC is depicted in Fig. 1. 
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Fig. 1. Schematic illustration of the ECC for the EMF measurements in a horizontal furnace: 

graphite (1), left electrode (2), solid-state electrolyte (3), R(Ag+) region (4), right electrode (5), 

aluminum shield (6), cork (7), quartz glass tube (8), furnace heater (9), fluoroplast matrix (10), 

current electrodes (11), and thermocouple (12). 

 

Pure silver powder was used as a negative electrode. Ag2GeS3 glass was used as the solid-

state electrolyte with purely Ag+ ionic conductivity [22,23]. The Ag2GeS3 glass [22,24,25] was 

obtained by melt quenching of the corresponding elements from T=1200 K into ice water. Based on 

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

crystallization temperatures obtained in our study [25] with values reported in [22], 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 Ag, Te, and AgBr, with particle size ~5 μm. The ratios of the elements and the 

compound were determined from the equations of the potential-forming reactions in respective 

phase regions. ECC 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 [26]. 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 5 h. The criterion for completing the formation of the equilibrium set of 

phases is the reproducibility of the EMF vs T dependences of ECCs during the heating-cooling 

cycles. Due to their amount in the scale of ppm, it was technically challenging to obtain the 

equilibrium set of phases from the pressed components of ECCs for X-ray diffraction analysis, 

similar to the case in [27]. 

EMF measurements were performed in a horizontal resistance furnace, similar to that 

described in [28]. As protective atmosphere, we used a continuously flowing highly purified 

(0.9999 volume fraction) Ar(g) at P = 1.2105 Pa, with a flow rate of 210−3 m3h−1 from the left to 

right electrode of the ECCs. The temperature was maintained with an accuracy of ±0.5 K. The EMF 
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(E) of the cells were measured by high-resistance (input impedance of >1012 Ω) universal U7-9 

digital voltmeter. The heating and cooling rates were 2 Kmin−1. In our previous works [29,30] we 

have described the scheme of ECCs and procedure of the EMF measurements. 

 

3. Results and discussion 

In ECCs of type (A), the left electrode contains powdered silver, and the right one contains a 

powdered mixture of Ag, Te, and AgBr. According to the phase diagram of the Ag–Te system [31], 

silver and tellurium are not in equilibrium with each other. The presence of EMF in newly 

assembled ECCs was established. The EMF of the cells changes uncontrollably in the range of 

± 1.5 mV at T = 300 K. The EMF changes are only due to the diffusion of Ag+ ions through the 

solid-state electrolyte of ECCs. EMF fluctuations disappear when the cells are heated at a rate of 3–

4 K∙min−1 up to temperatures of 380–400 K. With subsequent heating, the initial value of the EMF 

increases by 3–5 mV∙min−1. The time to reach the value E = const of the cells at the isothermal 

annealing temperature T=500 K does not exceed 5 h. 

One of the possible explanations for the presence of EMF of cells, its influence on the decay 

of metastable phases and the formation of equilibrium set of phases is as follows: at certain points 

in time at T > 380 K, nanoscale sections of PE are characterized by the vibrational energy of silver 

and tellurium atoms significantly exceeding kT (k is the Boltzmann Constant). This energy, together 

with the surface energy of silver particles, is sufficient to interact with tellurium. The result of this 

interaction is the formation of silver tellurides films of undetermined composition on the silver 

surface. In this case, the positive electrode contains a metastable set of phases from tellurium, silver 

tellurides, and silver bromide. The difference in the chemical potentials of silver in the ECC 

electrodes causes the displacement of Ag+ ions from the left to the right electrode, i.e. EMF 

formation. Ag+ ions are not a phase and do not chemically interact with the PE components. They 

play the role of a small nucleus of a stable phase [32]. Positive charges Ag+ are held in the R(Ag+) 

region by the forces of Coulomb attraction with negative charges of the left electrode. The presence 

of a positive charge in the R(Ag+) region is an important condition for low-temperature non-

activation synthesis of the equilibrium set of phases. The positive spatial charge reduces the forces 

of Coulomb repulsion between the metastable components of the PE. Under these conditions, the 

energy of the thermal motion of the PE components is sufficient to bring them closer to the distance 

of the action of the forces of chemical interaction. Thus, individual Ag+ ions and the total positive 

charge in the R(Ag+) region provide non-activation decomposition of the metastable phases and 

formation of the equilibrium set of phases. 

The described model of non-activating synthesis of the equilibrium set of phases in the ECC 

is based on the following experimental positions: 



6 
 

a) the time to reach a constant EMF value in the ECC at T=500 K is ≤5 h; 

b) the calculated values of the Gibbs energy of formation of the Ag23Te12Br compound in the two 

adjacent phase regions coincide within the experimental error. 

The concentration space of the Ag–Te–Br system in the part (І) consists of 10 three-phase 

regions listed in Table 2. These regions are marked out by the lines of two-phase equilibria in 

Fig. 2. 

 

Table 2. Three-phase regions in the AgBr–Ag2Te–Te part and the respective EMF values of ECCs 

in corresponding phase regions at T=460 K a. 

Number of the 
phase region 

Phase region E / mV 

PR(1) AgBr–Ag19Te6Br7–Te 238.86 
PR(2) Ag19Te6Br7–Ag3TeBr–Te 235.22 
PR(3) Ag3TeBr–Ag10Te4Br3–Te 231.43 
PR(4) Ag3TeBr–Ag5Te2Br–Ag10Te4Br3 201.72 
PR(5) Ag5Te2Br–Ag2Te–Ag23Te12Br 200.42 
PR(6) Ag10Te4Br3–Ag23Te12Br–Te 230.11 
PR(7) Ag5Te2Br–Ag23Te12Br–Ag10Te4Br3 244.83 
PR(8) Ag23Te12Br–Ag5Te3–Te – 
PR(9) Ag23Te12Br–Ag1.9Te–Ag5Te3 – 

PR(10) Ag23Te12Br–Ag2Te–Ag1.9Te – 
a Standard uncertainties u are u(T)=0.1 K, u(Е)=0.3 mV. 

 

 

Fig. 2. The phase equilibria of the Ag–Te–Br system in the AgBr–Ag2Te–Te part, below T = 500 K. 

Red dots indicate compositions of the positive electrodes of the ECCs in phase regions PR(1)–(6). 

EMF values (mV) at T=460 K are shown for some phase compositions. 
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The division of (І) is based on reports [5–12] and our investigations of the boundaries of 

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

of silver are characterized by higher EMF value at Т=const (Table 2). The correctness of the 

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

thermodynamic functions for Ag23Te12Br. Phase region PR(7) is characterized by higher EMF value 

compared to phase region PR(6) that is more distant from the point of silver. This is due to the 

metastable set of phases in PR(7). 

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 

AgBr–Ag19Te6Br7–Te phase region is the farthest from the point of Ag. For this region, the 

electrochemical process of the synthesis of the Ag19Te6Br7 compound from Ag, Te, and AgBr can 

be expressed as: 

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

 12Ag+ + 12e– + 7AgBr + 6Te = Ag19Te6Br7 – right electrode (sample system), 

 12Ag + 7AgBr + 6Te = Ag19Te6Br7 – overall cell reaction.   (R1) 

 The overall cell reactions in the positive electrodes of ECCs (A) for phase regions PR(2)–(6) 

can be expressed as: 

2Ag + Ag19Te6Br7 + Te = 7Ag3TeBr,     (R2) 

Ag + 3Ag3TeBr + Te = Ag10Te4Br3,      (R3) 

Ag + Ag10Te4Br3 = Ag5Te2Br + 2Ag3TeBr,     (R4) 

2Ag + Ag23Te12Br = 10Ag2Te + Ag5Te2Br,     (R5) 

59Ag + Ag10Te4Br3 + 32Te = 3Ag23Te12Br.     (R6) 

 Based on reactions (R1)–(R6), the compositions of the PE of the ECCs were determined by 

the following Ag : Te : AgBr component ratios: 7 : 6 : 7, 13 : 7 : 7, 13 : 8 : 6, 15 : 8 : 6, 23 : 12 : 1, 

and 17 : 12 : 1, respectively. 

 Temperature variations of the EMF values of the ECCs with PEs of the PR(1)–(6) are listed 

in Table 3 and plotted in Fig. 3. 

 

Table 3. The measured values of temperature and EMF of the ECCs from different phase regions of 

the Ag–Te–Br system a. 

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) 
440.2 234.72 231.41 228.12 196.03 194.73 226.32 
445.2 235.48 232.63 229.21 197.41 196.33 227.28 
450.1 236.78 233.24 229.86 198.86 197.49 228.07 
455.1 237.98 234.26 230.72 200.56 198.83 229.01 
460.0 238.86 235.22 231.43 201.72 200.42 230.11 



8 
 

465.0 239.85 236.27 232.69 203.35 201.66 230.83 
469.9 241.22 237.13 233.71 204.59 203.17 231.85 
474.8 242.06 238.30 234.27 206.06 204.66 232.57 
479.7 243.02 238.96 235.34 207.33 205.83 233.58 
484.7 244.39 240.01 236.25 208.91 207.14 234.37 
489.6 245.45 240.85 237.28 210.35 208.75 235.09 
494.5 246.73 241.83 238.02 211.81 210.16 236.32 
499.4 247.65 242.92 238.89 213.25 211.37 237.24 
503.3 248.49 243.57 239.63 214.45 212.52 238.05 
507.2 249.39 244.39 240.42 215.51 213.69 238.86 

a Standard uncertainties u are u(T)=0.1 K, u(Е)=0.3 mV. 

 

 

Fig. 3. Temperature dependences of EMF on temperature of the ECCs with the positive electrodes of 

the phase regions PR(1)–(6). 

 

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

T=(440 and 507) K was performed by the least-squares method [16,33,34] using Eq. (1): 

𝐸 = 𝑎 + 𝑏𝑇 ≡  𝐸ത + 𝑏(𝑇 − 𝑇ത),     (1) 

where 𝐸ത =
∑ ா೔

௡
, 𝑇ത =

∑ ்೔

௡
 (𝐸௜ is the EMF of ECC 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 =
∑[(ா೔ିாത)(்೔ି ത்)]

∑(்೔ି ത்)మ ,        (2) 

𝑎 =  𝐸ത − 𝑏𝑇ത.         (3) 
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 The statistical dispersions of the measurement uncertainties consisted of the calculation 

variances of experimental values of EMF 𝐸 (𝑢ா
ଶ), coefficients 𝑏 (𝑢௕

ଶ) and 𝑎 (𝑢௔
ଶ), as well as 

dispersions of the calculation by Eq. (1), EMF values 𝐸෨  (𝑢ா෨
ଶ): 

𝑢ா
ଶ =

∑(ா೔ିா෨೔)మ

௡ିଶ
,        (4) 

𝑢௕
ଶ(𝑇) =

௨ಶ
మ

∑(்೔ି ത்)మ,        (5) 

𝑢௔
ଶ(𝑇) =

௨ಶ
మ

௡
+

௨ಶ
మ ത்మ

∑(்೔ି ത்)మ
,       (6) 

𝑢ா෨
ଶ(𝑇) =

௨ಶ
మ

௡
+ 𝑢௕

ଶ(𝑇௜ − 𝑇ത)ଶ.       (7) 

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

௜ = 𝑘𝑢௜         (8) 

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

and 𝑛 = 15, Student’s coefficient is 𝑘 = 2.13 [35]. 

 According to [18,20], the final equation of the Е vs T dependences together with the statistical 

dispersions can be express as: 

𝐸 = 𝑎 + 𝑏𝑇 ± 𝑘ටቀ
௨ಶ

మ

௡
+ 𝑢௕

ଶ(𝑇௜ − 𝑇ത)ଶቁ.     (9) 

Experimental values of the EMF and temperature presented in Table 3 were used to calculate the 

coefficients and dispersions in Eq. (9) for the PR(1)–(6). Result of calculations is presented in 

Table 4. 

 

Table 4. Relations between the EMF and temperature for type (A) ECCs in phase regions PR(1)–(6) 

of the Ag–Te–Br system between T=(440 and 507) K. Values of the coefficients 𝑎 and 𝑏 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 a. 

Phase 
region 𝐸 = 𝑎 + 𝑏𝑇 ± 𝑘ඨቆ

𝑢ா
ଶ

𝑛
+ 𝑢௕

ଶ(𝑇௜ − 𝑇ത)ଶቇ 

PR(1) 𝐸(ୖଵ) = 137.17 + 221.17 ∙ 10ିଷ𝑇 ± 2.13ඨ൬
0.019

15
+ 2.88 ∙ 10ି଺(𝑇௜ − 474.58)ଶ൰ 

PR(2) 𝐸(ୖଶ) = 146.84 + 192.22 ∙ 10ିଷ𝑇 ± 2.13ඨ൬
0.011

15
+ 1.64 ∙ 10ି଺(𝑇௜ − 474.58)ଶ൰ 

PR(3) 𝐸(ୖଷ) = 147.39 + 183.32 ∙ 10ିଷ𝑇 ± 2.13ඨ൬
0.017

15
+ 2.60 ∙ 10ି଺(𝑇௜ − 474.58)ଶ൰ 

PR(4) 𝐸(ୖସ) = 68.05 + 290.71 ∙ 10ିଷ𝑇 ± 2.13ඨ൬
0.009

15
+ 1.31 ∙ 10ି଺(𝑇௜ − 474.58)ଶ൰ 
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PR(5) 𝐸(ୖହ) = 70.71 + 281.81 ∙ 10ିଷ𝑇 ± 2.13ඨ൬
0.011

15
+ 1.60 ∙ 10ି଺(𝑇௜ − 474.58)ଶ൰ 

PR(6) 𝐸(ୖ଺) = 144.98 + 184.69 ∙ 10ିଷ𝑇 ± 2.13ඨ൬
0.029

15
+ 4.43 ∙ 10ି଺(𝑇௜ − 474.58)ଶ൰ 

a Standard uncertainties u are u(T)=0.1 K, u(Е)=0.3 mV, u(a)=0.97, u(b)=0.0018. 

 

The Gibbs energy, entropy, and enthalpy of the reactions (R1)–(R6) can be calculated by 

combining the measured EMF values of each ECCs and the thermodynamic Eqs. (10)–(12) [36,37]: 

∆୰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 ECCs. 

The thermodynamic functions of reactions (R1)–(R6) at T=298 K were calculated using 

Eqs. (10)–(12) in the approximation ቀ
డ୼౨ு

డ்
ቁ

௣
= 0 and ቀ

డ୼౨ௌ

డ்
ቁ

௣
= 0 [31,38]. The results of the 

calculations are presented in Table 5. 

 

Table 5. Standard thermodynamic values of the reactions (R1)–(R6) in the ECCsa. 

Reaction 
−Δ୰𝐺○ −Δ୰𝐻○ Δ୰𝑆○ 

kJmol −1 J(molK) −1 
(R1) 235.13 ± 0.74 158.82 ± 1.99 256.08 ± 4.18 
(R2) 39.39 ± 0.09 28.34 ± 0.25 37.09 ± 0.53 
(R3) 19.49 ± 0.06 14.22 ± 0.16 17.69 ± 0.33 
(R4) 14.92 ± 0.04 6.57 ± 0.11 28.05 ± 0.23 
(R5) 29.85 ± 0.09 13.65 ± 0.25 54.38 ± 0.52 
(R6) 1138.63 ± 3.52 825.32 ± 9.42 1051.37 ± 19.80 

a Uncertainties for Δ୰𝐺○, Δ୰𝐻○, and Δ୰𝑆○ are standard uncertainties. 

 

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: 

∆୰(ୖଵ)𝐺○ = ∆୤𝐺୅୥భవ୘ୣల୆୰ళ

○ − 7∆୤𝐺୅୥୆୰
○ ,      (13) 

∆୰(ୖଵ)𝐻○ = ∆୤𝐻୅୥భవ୘ୣల୆୰ళ

○ − 7∆୤𝐻୅୥୆୰
○ ,      (14) 

∆୰(ୖଵ)𝑆○ = 𝑆୅୥భవ୘ୣల୆୰ళ

○ − 12𝑆୅୥
○ − 7𝑆୅୥୆୰

○ − 6𝑆୘ୣ
○ .     (15) 

It follows from Eqs. (13)–(15) that: 

∆୤𝐺୅୥భవ୘ୣల୆୰ళ

○ = 7∆୤𝐺୅୥୆୰
○ + ∆୰(ୖଵ)𝐺○,      (16) 
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∆୤𝐻୅୥భవ୘ୣల୆୰ళ

○ = 7∆୤𝐻୅୥୆୰
○ + ∆୰(ୖଵ)𝐻○,      (17) 

𝑆୅୥భవ୘ୣల୆୰ళ

○ = 12𝑆୅୥
○ + 7𝑆୅୥୆୰

○ + 6𝑆୘ୣ
○ + ∆୰(ୖଵ)𝑆○.     (18) 

The corresponding reactions to determine ∆୤𝐺
○, ∆୤𝐻

○, and 𝑆○ for the Ag3TeBr, Ag10Te4Br3, 

Ag5Te2Br, and Ag23Te12Br compounds can be written similar to Eqs. (16)–(18) with their 

appropriate stochiometric numbers. 

Combining Eqs. (10)–(12) and (16)–(18), using thermodynamic data of the pure 

elements [39], and compounds AgBr [39], Ag2Te [31], the standard Gibbs energy of formation of 

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

∆୤𝐺୅୥భవ୘ୣల୆୰ళ

○ /(kJmolିଵ) =  −(861.9 ± 3.4) − (175.2 ± 1.0) ⋅ 10ିଷ𝑇/K,  (19) 

∆୤𝐺୅୥య୘ୣ୆୰
○ /(kJmolିଵ) =  −(127.2 ± 0.5) − (30.5 ± 0.2) ⋅ 10ିଷ𝑇/K,   (20) 

∆୤𝐺୅୥భబ୘ୣర୆୰య

○ /(kJmolିଵ) =  −(395.8 ± 1.7) − (109.2 ± 0.7) ⋅ 10ିଷ𝑇/K,  (21) 

∆୤𝐺୅୥ఱ୘ୣమ୆୰
○ /(kJmolିଵ) =  −(148.0 ± 2.9) − (76.2 ± 1.6) ⋅ 10ିଷ𝑇/K,   (22) 

∆୤𝐺୅୥మయ୘ୣభమ୆୰
○ /(kJmolିଵ) =  −(429.2 ± 18.7) − (326.4 ± 8.5) ⋅ 10ିଷ𝑇/K,  (23) 

∆୤𝐺୅୥మయ୘ୣభమ୆୰
○ /(kJmolିଵ) =  −(407.2 ± 11.1) − (386.7 ± 9.7) ⋅ 10ିଷ𝑇/K.  (24) 

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

presented in Table 6. The standard uncertainties for the thermodynamic data of this work were 

calculated by accumulating the calculated deviations in Table 5 and data of Refs. [31,39]. 

 

Table 6. Summary of the standard thermodynamic properties of selected phases in the Ag–Te–Br 

system a. 

Phase 
−∆୤𝐺

○ −∆୤𝐻
○ 𝑆○ 

Ref. 
kJ·mol –1 J·(mol·K) –1 

Ag 0 0 42.55  0.21 [39] 

Te 0 0 49.71  0.20 [39] 

Br2 0 0 152.20 ± 0.30 [39] 

AgBr 97.0  0.2 100.4  0.2 107.1  0.4 [39] 

Ag2Te 38.56 ± 0.93 29.49 ± 1.56 165.2 ± 4.1 [31] 

Ag3TeBr 136.1 127.3 – [14] 
Ag3TeBr 136.3  0.3 127.2  0.5 284.0  1.7 This work 
Ag19Te6Br7 914.1  2.1 861.9  3.4 1814.6  10.7 This work 

Ag10Te4Br3 428.3  1.0 395.7  1.7 961.8  5.8 This work 

Ag5Te2Br 170.7  1.7 148.0  2.9 464.5  9.7 This work 

Ag23Te12Br* 526.4  11.1 429.2  18.7 1977.7  51.6 This work 

Ag23Te12Br** 522.3  4.6 407.0  11.1 2038.1  44.3 This work 
a Uncertainties for Δ୤𝐺

○, Δ୤𝐻
○, 𝑇Δ୤𝑆

○, and 𝑆○ are standard uncertainties. 
* PR(5). 
** PR(6). 
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The Ag5Te2Br compound does not exist in equilibrium state under normal conditions [7]. In 

this study, the compound was obtained in ECCs with PR(4) and (5) by the decomposition of 

Ag10Te4Br3 and Ag23Te12Br by Eqs. (R4) and (R5), respectively. The decomposition products of 

these ternary compounds are the mixtures of the phases Ag5Te2Br, Ag3TeBr and Ag5Te2Br, Ag2Te, 

respectively. The Ag5Te2Br compound preserves its crystal structure in contact with the stable 

phases Ag2Te and Ag3TeBr. Attempts to non-activation synthesis Ag5Te2Br in potential-defining 

processes of the decomposition of Ag10Te4Br3 and Ag23Te12Br by the reaction 

7Ag + 5Ag10Te4Br3 + Ag23Te12Br = 16Ag5Te2Br     (R7) 

were unsuccessful. The EMF value of ECC with positive electrode of PR(7) exceeds in the range of 

T=(440–500) K the EMF value of the cell with PE of PR(6) that lies farther from Ag (Table 2). It is 

likely that the products of simultaneous decomposition of Ag10Te4Br3 and Ag23Te12Br in PR(7) are 

a thermodynamically non-equilibrium combination of compounds that includes Ag5Te2Br, Ag2Te, 

and Ag3TeBr. The metastable set of phases determines the EMF value of the cell. 

The Δ୤𝐺
○ values of the Ag23Te12Br compound were calculated from the E vs T dependences 

of two fundamentally different potential-forming processes: the decomposition of Ag23Te12Br into 

Ag2Te and Ag5Te2Br in PR(5); and the synthesis of Ag23Te12Br from Ag10Te4Br3 and Ag, Te 

elements in PR(6). The convergence within the experiment error of the calculated Δ୤𝐺
○ values for 

the Ag23Te12Br compound (the relative difference is less than 1%) serves as the validation of: 

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

b) calculated values of the thermodynamic functions of the Ag19Te6Br7, Ag3TeBr, 

Ag10Te4Br3, and Ag5Te2Br compounds; 

c) reliability of the literature values of the thermodynamic properties of AgBr, Ag2Te, and 

Ag3TeBr. 

 

4. Conclusions 

 The division of the concentration space of the AgBr–Ag2Te–Te system (І) into 10 three-

phase regions was proposed. The positions of the phase regions AgBr–Ag19Te6Br7–Te, Ag19Te6Br7–

Ag3TeBr–Te, Ag3TeBr–Ag10Te4Br3–Te, Ag3TeBr–Ag5Te2Br–Ag10Te4Br3, Ag5Te2Br–Ag2Te–

Ag23Te12Br, and Ag10Te4Br3–Ag23Te12Br–Te vs the point of Ag were used to write equations of 

overall cell reactions. 

Low-temperature (T≤500 K) non-activation synthesis of the equilibrium set of phases from 

metastable powder mixture of Ag, Te, and AgBr was carried out in the R(Ag+) region of the 

positive electrode of the electrochemical cell adjacent to the solid electrolyte. The ratios of Ag, Te, 

and AgBr were determined based on the equations of the overall cell reactions. The R(Ag+) region 
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is characterized by a positive spatial charge from the Ag+ ions, migrated from the left electrode for 

thermodynamic reasons. The silver cations play the role of a small nucleus of the stable phase. The 

described non-activation 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. 

 Equations of temperature dependences of Gibbs energies of formation of ternary compounds 

were obtained from ЕMF vs Т dependences of ECCs, and ∆୤𝐺
○, ∆୤𝐻

○, 𝑇∆୤𝑆
○, and 𝑆○ values were 

calculated. The criterion of the validity of obtained values of thermodynamic functions of the 

ternary compounds of system (І) is the agreement, within the experiment error, of ∆୤𝐺
○ values of 

the Ag23Te12Br compound that were calculated from the phase regions Ag5Te2Br–Ag2Te–

Ag23Te12Br and Ag10Te4Br3–Ag23Te12Br–Te. 

 Data on thermodynamic properties of the compounds may be used in CALPHAD modeling 

of four-element and more complex phase space of the Ag–{Se, Te}–{Cl, Br, I} systems to 

determine compositions with maximum values of thermoelectric efficiency ZT. 
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