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Abstract: Equilibrium phase formations below 600 K in the parts Ag2Te–FeTe2–F1.12Te–Ag2Te and
Ag8GeTe6–GeTe–FeTe2–AgFeTe2–Ag8GeTe6 of the Fe–Ag–Ge–Te system were established by the
electromotive force (EMF) method. The positions of 3- and 4-phase regions relative to the composition
of silver were applied to express the potential reactions involving the AgFeTe2, Ag2FeTe2, and
Ag2FeGeTe4 compounds. The equilibrium synthesis of the set of phases was performed inside
positive electrodes (PE) of the electrochemical cells: (−)Graphite ‖LE‖ Fast Ag+ conducting solid-
electrolyte ‖R[Ag+]‖PE‖ Graphite(+), where LE is the left (negative) electrode, and R[Ag+] is the
buffer region for the diffusion of Ag+ ions into the PE. From the observed results, thermodynamic
quantities of AgFeTe2, Ag2FeTe2, and Ag2FeGeTe4 were experimentally determined for the first
time. The reliability of the division of the Ag2Te–FeTe2–F1.12Te–Ag2Te and Ag8GeTe6–GeTe–FeTe2–
AgFeTe2–Ag8GeTe6 phase regions was confirmed by the calculated thermodynamic quantities of
AgFeTe2, Ag2FeTe2, and Ag2FeGeTe4 in equilibrium with phases in the adjacent phase regions.
Particularly, the calculated Gibbs energies of Ag2FeGeTe4 in two different adjacent 4-phase regions
are consistent, which also indicates that it has stoichiometric composition.

Keywords: silver-based compounds; thermoelectric materials; phase equilibria; thermodynamic
properties; Gibbs energy; EMF method

1. Introduction

Several household devices and industrial applications dissipate considerable amounts
of heat. About 60% of the dissipated heat is below 473 K, therefore, recovering the low
temperature waste heat plays a crucial role in improving energy efficiency [1]. Low
and intermediate temperature thermoelectric materials (TMs) technology promoting high
performance and low materials cost play a key role for enabling energy efficiency through
waste heat harvest and utilization [1–3]. Generally, discovery of new functional materials
with unique physicochemical properties and a wider thermal stability ranges is one of the
main objectives of inorganic materials research. In this regard, ternary and quaternary silver
tellurides are good candidate functional materials with unique thermoelectric, photoelectric,
non-linear optical, etc. properties [4–6]. Some of these compounds have high conductivity
of Ag+ ion and can applied in electrochemical data storage devises, electrodes, sensors,
etc. [7,8]. For instance, the performance of temperature (T) dependent TMs is quantified
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with figure of merit (ZT), which is dimensionless and expressed as ZT = σS2T·(κlat +
κel)−1, where σ, S, κlat, and κel are the electrical conductivity, Seebeck coefficient, electronic
thermal conductivity, and lattice thermal conductivity, respectively [9,10]. The search for
cost effective new TMs of high ZT is based on phase equilibria data in the respective
systems and thermodynamic data of the individual phases in different temperature ranges.

The Ag–Fe system’s phase diagram is presented in [11]. The Fe1+xTe (0.067 < x < 0.17)
and FeTe2 compounds exist in the system below 770 K [12]. The structural parameters
for the Fe1.12Te phase were reported in [13]. The data on the formation of the AgFeTe2
compound in the Ag–Fe–Te system are debatable. The existence of the compound is denied
in [14–17] due to the 2-phase composition of the ‘AgFeTe2’ samples quenched from the melt
at T = 1073 K and from the range 873–1023 K. It was shown that the synthesis of ‘AgFeTe2’
resulted in at least two phases of which one is Ag2Te. The reported experimental results
were also confirmed in [18–20], but the authors considered them insufficient to assert the
absence of the AgFeTe2 compound in the solid-state part of T–x phase diagram. Physical
properties of AgFeTe2 were studied in [20–23]. According to Shtrum [18], AgFeTe2 exists
at T > 793 K. Structural characterizations of the AgFeTe2 single crystal quenched from T
= 873 K were performed with X-ray analysis in [19]. The trigonal ordering of the crystal
lattice with the parameters a = 0.760 nm, c = 0.569 nm, c/a = 0.749, Z = 3 was established.
The AgFeTe2 single crystal decomposes into two phases below 773 K. Such solid-state
decomposition of compounds is not uncommon. For instance, the decomposition of CuFeS2
at T = 843 K was established in [24]. Another example is given in [25] where the superionic
phase Ag2ZnI4 exists in two temperature ranges of (300–477) K and (538–553) K. The
obstacle to the formation of equilibrium compounds from metastable heterogeneous phase
mixtures at relatively low temperatures (T < 600 K) is the lack of the nucleation centers
of a new phase due to the low energy of the thermal motion of atoms [26,27]. Kinetic
barrier is eliminated by using the metastable phase mixture as the positive electrode (PE) of
electrochemical cell (ECC) [28]. The defining role in these processes belongs to Ag+ cations
that moved from the negative to the positive electrode and are centers of formation of the
equilibrium compounds. Examples of the transition from metastable to equilibrium phases
in PE of ECCs are presented in [29–35].

The existence of the only quaternary compound Ag2FeGeTe4 in the Fe-Ag–Ge–Te
system was reported by [36]. The compound was obtained by cooling the melt mixture
of the pure elements in an evacuated ampoule from T = 1420 K. The melt crystallizes at
T = 990 K. The homogenization annealing of the crystallized material was performed at
T = 770 K for 1 h, followed by rapid cooling to room temperature. X-ray study of the
quenched material revealed that Ag2FeGeTe4 has orthorhombic lattice with the parameters
a = 0.8048 nm, b = 0.6668 nm, and c = 0.6450 nm. No information on the thermal stability of
Ag2FeGeTe4 below 600 K was found in the published literature.

The main objective of this experimental research was to reveal the possibilities of solid
state synthesis of the equilibrium set of phases from a non-equilibrium mixture of elements
and compounds in the Ag–Fe–Ge–Te system below 600 K. This temperature is also at which
the energy of the thermal motion of atoms is not favorable for the nucleation centers of the
phase formation; to establish the phase equilibria in the vicinity of synthesized ternaries
and quaternary phases; and to determine thermodynamic properties of the AgFeTe2,
Ag2FeTe2, and Ag2FeGeTe4 compounds. The obtained thermodynamic data can be applied
for completing and optimizing phase diagrams of the studied system by applying the
CALPHAD method [37,38]. Furthermore, the obtained data can help to control chemical
behaviors of the multicomponent compounds in more complex systems; including the
ongoing research for substitution of Fe with Co/Ni, Ge with Sn, and Te with S/Se, and to
synthesis stable phases with high ZT parameter values.
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2. Materials and Methods
2.1. Synthesis and Characterization

High purity elements, 99.99 wt% Ag, from Alfa Aesar (Karlsruhe, Germany), 99.9 wt%
Fe also from Alfa Aesar (Karlsruhe, Germany), 99.999 wt% Ge from Lenreactiv (St. Peters-
burg, Russia), 99.99 wt% S from Lenreactiv (St. Petersburg, Russia), and 99.99 wt% Te from
Lenreactiv (St. Petersburg, Russia) were used as initial materials for the synthesis of the
compounds. The samples of compositions ‘AgFeTe2’ and ‘Ag2FeGeTe4’ were synthesized
for X-ray diffraction (XRD) analysis by:

(1) a carefully weighed mixture of the pure elements were synthesized in evacuated
quartz ampoules by annealing at 630 K for 1 week. Then, the samples were cooled at
the rate of 2 K·min−1 to room temperature and ground to ~5 µm particle size. Vacuum
homogenization of the fine particles was conducted at 580 K for a week, and

(2) melting of the appropriately weighed mixture of the pure elements at 1100 K in
vacuum followed with annealing of the finely disperse mixture, also in vacuum, at
580 K for a week.

Equilibrium phases synthesis for the thermodynamic investigation of AgFeTe2, Ag2FeTe2,
and Ag2FeGeTe4 was conducted within the positive electrodes (PEs) of the electrochemical
cells (ECCs) at 560 K.

An STOE_STADI_P diffractometer equipped with a linear position-sensitive detec-
tor PSD, in a Guinier geometry (transmission mode, CuKα1 radiation, a bent Ge(111)
monochromator, and 2θ/ω scan mode) collected the XRD patterns. Preliminary data pro-
cessing and phase analysis with XRD were conducted with STOE_WinXPOW_3.03 [39]
and Powder_Cell_2.4_PC programs [40], applying the data of structures of the compounds
adapted from the database [41].

The Ag2GeS3 glass [42–44] was synthesized by melting appropriately weighed mix-
tures of the pure elements at 1200 K and quenching in ice-water.

2.2. Electromotive Force (EMF) Measurements

To accomplish accurate thermodynamic measurements by the EMF method [45–49],
the following ECC were arranged:

(-)Graphite ‖LE‖SE‖R[Ag+]‖PE‖ Graphite(+), (A)

where LE is (-) electrode on the left, SE is the solid-state fast Ag+ ions conducting solid-
electrolyte, PE is the (+) electrode on the right, and R[Ag+] is the diffusion region of Ag+

into PE. Pure silver in powder form was used as LE. The purely Ag+ ion conducting
Ag2GeS3 glass was used as SE [42,50].

PEs of the cells were prepared from a homogenously mixed powder (particles size
~5 µm) composition of the elements Ag, Fe, and Te (the Ag–Fe–Te system); the elements Ag,
Fe, Te and compounds Ag8GeTe6, GeTe, FeTe2 (the Ag–Fe–Ge–Te system). The ratios of the
elements and compounds were calculated from the potential reactions in the considered
phase regions. Materials of the ECCs in powder form were poured in a hole with 2 mm in
diameter that was arranged in the fluoroplast matrix and pressed at a pressure of 108 Pa.
After pressing, the components had a density of ρ = (0.93 ± 0.02)·ρ0, where ρ0 is the
experimentally determined density of cast samples [51,52]. 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 500 K took <10 h. The criterion for attaining phase equilibria
in the R[Ag+] region of PE were; (1) when the EMF values (E) measured at the target
equilibration temperature wing around a certain EMF value and (2) the reproducibility
of the E vs. T relations of ECCs during the heating-cooling cycles. Due to its negligible
amount, it was impossible to detach the equilibrium set of phases from pressed components
of ECCs for X-ray diffraction analysis, similar to the one described in [28,30].

Measurements of the EMF were carried out by the compensation method in a resis-
tance furnace situated horizontally similar to the one detailed in [53]. We used a continu-
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ously flowing highly purified 99.9% Ar(g) at p = 0.12 MPa, as protective atmosphere, with
a rate of flowing of 2 × 10−3 m3·h−1 from the negative to positive electrode of the electro-
chemical cell. The temperature variation was controlled to be less than 0.1%. The EMF of
the cells were measured with high resistance digital voltmeter universal U7-9 and MTech
PGP-550M device. Differences in the EMF values at the specific equilibration temperature
did not exceed ∆E = ±0.3 mV. The rate of heating and cooling were 2 K·min−1. More
details on the ECCs and procedure of the EMF-measurements are given in our previous
publications [54–56].

3. Results
3.1. Thermodynamic Data of the AgFeTe2 and Ag2FeTe2

Samples of the compounds ‘AgFeTe2
′ were synthesized with the methods described

in Section 2.1. According to results of XRD analysis, composition of these samples are
identical and consists mixture of the Ag2Te [57], FeTe2 [58], and Fe1.12Te [41] compounds
(Figure 1). Increasing the annealing time to 3 weeks did not change the samples’ diffraction
patterns. Therefore, there are no indication of the formation of the AgFeTe2 compound
under the conditions in the synthesis and annealing of the samples in vacuum ampoules,
similar to Refs. [13–15].

Energies 2021, 14, x FOR PEER REVIEW 4 of 15 
 

 

was impossible to detach the equilibrium set of phases from pressed components of ECCs 
for X-ray diffraction analysis, similar to the one described in [28,30]. 

Measurements of the EMF were carried out by the compensation method in a re-
sistance furnace situated horizontally similar to the one detailed in [53]. We used a con-
tinuously flowing highly purified 99.9% Ar(g) at p = 0.12 MPa, as protective atmosphere, 
with a rate of flowing of 2·10−3 m3·h−1 from the negative to positive electrode of the elec-
trochemical cell. The temperature variation was controlled to be less than 0.1%. The EMF 
of the cells were measured with high resistance digital voltmeter universal U7-9 and 
MTech PGP-550M device. Differences in the EMF values at the specific equilibration tem-
perature did not exceed ∆E = ±0.3 mV. The rate of heating and cooling were 2 K·min−1. 
More details on the ECCs and procedure of the EMF-measurements are given in our pre-
vious publications [54–56]. 

3. Results 
3.1. Thermodynamic Data of the AgFeTe2 and Ag2FeTe2 

Samples of the compounds ‘AgFeTe2′ were synthesized with the methods described 
in Section 2.1. According to results of XRD analysis, composition of these samples are 
identical and consists mixture of the Ag2Te [57], FeTe2 [58], and Fe1.12Te [41] compounds 
(Figure 1). Increasing the annealing time to 3 weeks did not change the samples’ diffrac-
tion patterns. Therefore, there are no indication of the formation of the AgFeTe2 com-
pound under the conditions in the synthesis and annealing of the samples in vacuum am-
poules, similar to Ref. [13–15]. 

 
Figure 1. Comparison of the XRD patterns of the sample ‘AgFeTe2′ with those theoretical patterns 
of the compounds. 

The syntheses and thermodynamic investigations of the AgFeTe2 and Ag2FeTe2 com-
pounds, as in case of AgFeSe2 and Ag2FeSe2 [28], were: 
1) Characterized by the XRD method, heterogeneous phase compositions of the 

‘AgFeTe2’ sample is for kinetic reasons considered metastable below 600 K; 
2) The correctness of the proposed equilibrium concentration space division of the Ag–

Fe–Te system in the part Ag2Te–FeTe2–Fe1.12Te (I) into separate 3-phase regions; and 
3) Possibility of the synthesis of set of equilibrium phases, including the AgFeTe2 and 

Ag2FeTe2, in the PE of ECCs. 
As in the case of the study of formation of equilibrium phase in the Se-Ag–Fe system 

[28], we analyzed the possibility the existence of AgFeTe2 and Ag2FeTe2 compounds in the 
equilibrium phase space of the Ag–Fe–Te system. The compositions AgFeTe2 and 
Ag2FeTe2 lay at the intersection points of the tie-lines AgTe–‘FeTe’, Ag–FeTe2, and Ag2Te–

Figure 1. Comparison of the XRD patterns of the sample ‘AgFeTe2
′ with those theoretical patterns of

the compounds.

The syntheses and thermodynamic investigations of the AgFeTe2 and Ag2FeTe2 com-
pounds, as in case of AgFeSe2 and Ag2FeSe2 [28], were:

(1) Characterized by the XRD method, heterogeneous phase compositions of the ‘AgFeTe2’
sample is for kinetic reasons considered metastable below 600 K;

(2) The correctness of the proposed equilibrium concentration space division of the Ag–
Fe–Te system in the part Ag2Te–FeTe2–Fe1.12Te (I) into separate 3-phase regions; and

(3) Possibility of the synthesis of set of equilibrium phases, including the AgFeTe2 and
Ag2FeTe2, in the PE of ECCs.

As in the case of the study of formation of equilibrium phase in the Se-Ag–Fe sys-
tem [28], we analyzed the possibility the existence of AgFeTe2 and Ag2FeTe2 compounds
in the equilibrium phase space of the Ag–Fe–Te system. The compositions AgFeTe2 and
Ag2FeTe2 lay at the intersection points of the tie-lines AgTe–‘FeTe’, Ag–FeTe2, and Ag2Te–
‘FeTe’, Ag–FeTe2, AgTe–Fe, respectively. According to Goryunova [59], ternary compounds
are formed at the cross of the sections between binary compounds or binary compounds
and elements.

The division of the equilibrium Te-Ag–Fe system’s concentration space in the part (I)
into 2- and 3-phase regions involving the proposed ternary phases AgFeTe2 and Ag2FeTe2,
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and the binary compounds of the Ag–Te and Fe–Te systems is plotted in Figure 2. The cor-
rectness of the division was confirmed by the following experimental studies. Based on the
suggested division of the Ag–Fe–Te system, samples of positive electrodes of the ECCs were
prepared in different phase regions. The ratios of the elements Ag:Fe:Te into the 2- and 3-
phase regions were: 1:2:4 (phase region FeTe2–AgFeTe2 (II)), 3:2:4 (AgFeTe2–Ag2FeTe2 (III)),
1:3:5 (FeTe2–Fe1.12Te–AgFeTe2), 3:2:5 (Ag2Te–FeTe2–AgFeTe2), 3:3:5 (Ag2FeTe2–Fe1.12Te–
AgFeTe2), and 5:2:5 (Ag2Te–Ag2FeTe2–AgFeTe2), respectively.

Energies 2021, 14, x FOR PEER REVIEW 5 of 15 
 

 

‘FeTe’, Ag–FeTe2, AgTe–Fe, respectively. According to Goryunova [59], ternary com-
pounds are formed at the cross of the sections between binary compounds or binary com-
pounds and elements. 

The division of the equilibrium Te-Ag–Fe system’s concentration space in the part (I) 
into 2- and 3-phase regions involving the proposed ternary phases AgFeTe2 and Ag2FeTe2, 
and the binary compounds of the Ag–Te and Fe–Te systems is plotted in Figure 2. The 
correctness of the division was confirmed by the following experimental studies. Based 
on the suggested division of the Ag–Fe–Te system, samples of positive electrodes of the 
ECCs were prepared in different phase regions. The ratios of the elements Ag : Fe : Te into 
the 2- and 3-phase regions were: 1:2:4 (phase region FeTe2–AgFeTe2 (II)), 3:2:4 (AgFeTe2–
Ag2FeTe2 (III)), 1:3:5 (FeTe2–Fe1.12Te–AgFeTe2), 3:2:5 (Ag2Te–FeTe2–AgFeTe2), 3:3:5 
(Ag2FeTe2–Fe1.12Te–AgFeTe2), and 5:2:5 (Ag2Te–Ag2FeTe2–AgFeTe2), respectively. 

 
Figure 2. Equilibrium phase relations in the Ag–Fe–Te system below 500 K in the Ag2Te–FeTe2–
Fe1.12Te (I) part. The dashed and solid tie lines indicate 2-phase equilibria and the red dots indicate 
phase compositions of the positive electrodes of the ECCs. For some phase regions, EMF values in 
mV at 460 K are given. 

In ECCs of the type (A), Ag+ ions diffusing from the electrode on the left to the right 
due to chemical potentials’ of silver difference in these regions [60]. The consequence of 
such dynamics is the existence of a potential difference at the two electrodes. Synthesis of 
the set of equilibrium phases was conducted in the PE of ECC at the diffusion depth of 
Ag+ ions, which is the R[Ag+] region. Since the Ag+ ions are not phases, they do not interact 
with PE components chemically. Instead, the Ag+ ions served as the nucleation centers for 
stable phases as well as catalysts for the low temperature synthesis of the equilibrium set 
of phases [26,28]. 

The positive electrodes of ECCs with components in the 2- and 3-phase regions are 
characterized by various EMF values at constant T between 435 and 490 K, Table 1 and 
Figure 3. The 3-phase region which is further away from the point of Ag has a higher EMF 
value. These data validate the suggested division of the concentration space in the Ag–
Fe–Te system. 

  

Figure 2. Equilibrium phase relations in the Ag–Fe–Te system below 500 K in the Ag2Te–FeTe2–
Fe1.12Te (I) part. The dashed and solid tie lines indicate 2-phase equilibria and the red dots indicate
phase compositions of the positive electrodes of the ECCs. For some phase regions, EMF values in
mV at 460 K are given.

In ECCs of the type (A), Ag+ ions diffusing from the electrode on the left to the right
due to chemical potentials’ of silver difference in these regions [60]. The consequence of
such dynamics is the existence of a potential difference at the two electrodes. Synthesis of
the set of equilibrium phases was conducted in the PE of ECC at the diffusion depth of Ag+

ions, which is the R[Ag+] region. Since the Ag+ ions are not phases, they do not interact
with PE components chemically. Instead, the Ag+ ions served as the nucleation centers for
stable phases as well as catalysts for the low temperature synthesis of the equilibrium set
of phases [26,28].

The positive electrodes of ECCs with components in the 2- and 3-phase regions are
characterized by various EMF values at constant T between 435 and 490 K, Table 1 and
Figure 3. The 3-phase region which is further away from the point of Ag has a higher
EMF value. These data validate the suggested division of the concentration space in the
Ag–Fe–Te system.
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Table 1. A summary of the measured temperatures and EMF values of the ECCs in different phase regions of the Ag–Te–
Fe system.

T(K)

Phase Region
FeTe2–AgFeTe2

Phase Region
AgFeTe2–
Ag2FeTe2

Phase Region
FeTe2–Fe1.12Te–

AgFeTe2

Phase Region
Ag2Te–FeTe2–

AgFeTe2

Phase Region
Ag2FeTe2–

Fe1.12Te–AgFeTe2

Phase Region
Ag2Te–Ag2FeTe2–

AgFeTe2

E(mV) E(mV) E(mV) E(mV) E(mV) E(mV)

435.2 231.38 212.98 239.35 237.45 223.71 218.37
440.2 232.43 214.53 240.24 238.43 225.22 219.90
445.2 233.36 215.96 241.17 239.27 226.80 221.62
450.1 234.52 217.65 242.02 240.31 228.54 223.29
455.1 235.47 219.27 242.87 241.33 229.88 224.82
460.0 236.54 220.75 243.91 242.38 231.53 226.48
465.0 237.62 222.37 244.85 243.42 233.12 228.23
469.9 238.66 223.94 245.78 244.45 234.62 229.62
474.8 239.74 225.38 246.72 245.43 236.09 231.09
479.9 240.78 226.86 247.65 246.45 237.75 232.90
484.5 241.65 228.47 248.44 247.48 239.18 234.39
490.2 242.94 230.19 249.62 248.65 240.99 236.25
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The division of (I) relative to the position of silver, shown in Figure 2, can be applied
for the determination of the thermodynamic properties of the AgFeTe2 and Ag2FeTe2 by
the EMF method [60]. The overall potential forming reactions can be expressed as:

Ag + FeTe2 = AgFeTe2, (R1)

Ag + AgFeTe2 = Ag2FeTe2. (R2)

The (R1) and (R2) reactions were realized in PE of the phase regions (II) and (III),
respectively.

The analyses of the E vs. T relations for reactions (R1) and (R2) between 435 and 490 K
was carried out by the least-squares method [60–62] using Equation (1):

E = a + bT ≡ E + b
(
T − T

)
, (1)
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where E = ∑ Ei
n , T = ∑ Ti

n (Ei is the EMF of ECC at temperature Ti; n is number of
experimental pairs Ei and Ti).

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

b =
∑
[(

Ei − E
)(

Ti − T
)]

∑
(
Ti − T

)2 , (2)

a = E− bT. (3)

The measurement uncertainties’ statistical dispersions consisted of the determina-
tion of variances of the experimental EMF, E (u2

E), coefficients b (u2
b) and a (u2

a), and the
dispersions of the calculated EMF according to Equation (1) Ẽ (u2

Ẽ
):

u2
E =

∑
(

Ei − Ẽi

)2

n− 2
, (4)

u2
b(T) =

u2
E

∑
(
Ti − T

)2 , (5)

u2
a(T) =

u2
E

n
+

u2
ET2

∑
(
Ti − T

)2 , (6)

u2
Ẽ(T) =

u2
E

n
+ u2

b
(
T − T

)2. (7)

Equation (8) was applied to calculate the corresponding uncertainties (∆i):

∆i = kStui, (8)

where kSt is the Student’s coefficient, and ui is the standard deviation. Student’s coefficient
is kSt = 2.179 when n = 12 and with the confidence level of 95% [63].

The overall equation of the E as a function of T together with the statistical dispersions
can be express as [48,64]:

E = a + bT ± kSt

√√√√(u2
E

n
+ u2

b
(
T − T

)2
)

. (9)

Presented in Table 1 experimental values of the EMF and temperature were used to calculate
the coefficients and dispersions of Equation (9) for the (II) and (III) phase regions. The
obtained results are listed in Table 2.

Table 2. EMF vs. temperature relations for the type (A) ECCs in the (II) and (III) phase regions of the Fe–Ag–Ge–Te system,
in the temperature range between 435 and 490 K. The coefficients a and b were obtained through the linear least squares
analysis of the EMF vs. T measuremnt data, n is the number of experimental points, kSt is Student’s coefficient with the
level of confidence 95%.

Phase Region E = a+bT ± kSt

√
( u2

E
n + u2

b(T−
¯
T)

2

)

(II) E(II) = 139.72 + 210.52× 10−3T ± 2.179
√(

2.65×10−3

12 + 7.53× 10−7(T − 462.51)2
)

(III) E(III) = 76.43 + 313.73× 10−3T ± 2.179
√(

5.44×10−3

12 + 1.54× 10−6(T − 462.51)2
)
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The Gibbs energies, enthalpies and entropies of reactions (R1) and (R2) can be calcu-
lated by applying the measured EMF of each ECCs as a function of temperature in the
fundamental Equations (10)–(12):

∆rG = −z·F·E, (10)

∆rH = −z·F·[E− (dE/dT)·T], (11)

∆rS = z·F·(dE/dT), (12)

where z = 1 is the number of electrons participated in reactions (R1) and (R2), F is Faraday’s
constant (96,485.33 C·mol−1), and E in V is the EMF of the ECCs.

The thermodynamic functions of the reactions (R1) and (R2) at 298 K were determined
using Equations (10)–(12) by approximating

(
∂∆r H

∂T

)
p
= 0 and

(
∂∆rS
∂T

)
p
= 0 [29,65]. The

determined results are collected in Table 3.

Table 3. Standard thermodynamic quantities of the reactions (R1) and (R2) in the ECCs at 298 K.

Reaction
−∆rG◦ −∆rH◦ ∆rS◦

kJ·mol−1 J·(mol·K)−1

(R1) 19.53 ± 0.03 13.48 ± 0.08 20.31 ± 0.18
(R2) 16.39 ± 0.04 7.37 ± 0.12 30.27 ± 0.26

Standard thermodynamic functions of reaction (R1) are related to the thermodynamic
functions of formation of the phases and pure elements by Equations (13)–(18):

∆r(R1)G = ∆fGAgFeTe2
− ∆fGFeTe2

, (13)

∆r(R1)H = ∆fHAgFeTe2
− ∆fHFeTe2

, (14)

∆r(R1)S = SAgFeTe2
− SAg − SFeTe2

. (15)

It follows from Equations (13)–(15) that:

∆fGAgFeTe2
= ∆fGFeTe2

+ ∆r(R1)G, (16)

∆fHAgFeTe2
= ∆fHFeTe2

+ ∆r(R1)H , (17)

SAgFeTe2
= SAg + SFeTe2

+ ∆r(R1)S. (18)

The corresponding reactions to determine ∆fG, ∆fH , and S for the Ag2FeTe2 com-
pound can be written similar to Equations (16)–(18) with their appropriate stoichiomet-
ric numbers.

By combining Equations (16)–(18) and thermodynamic data for Ag and FeTe2 [66], the
formation standard Gibbs energies of the AgFeTe2 and Ag2FeTe2 compounds have been
calculated for the first time. The results of the calculations are shown in Table 4.

Table 4. A summary of the standard thermodynamic quantities of selected phases in the Ag–Fe–Te
system at 298 K.

Phases
−∆fG◦ −∆fH◦ S◦

[Ref.]
kJ·mol−1 J·(mol·K)−1

Ag 0 0 42.677 [66]
Fe 0 0 27.280 [66]

FeTe2 64.599 72.383 100.165 [66]
AgFeTe2 84.13 ± 1.03 85.86 ± 1.08 163.15 ± 1.19 This work
Ag2FeTe2 100.53 ± 1.07 93.23 ± 1.21 236.10 ± 1.46 This work



Energies 2021, 14, 1314 9 of 15

The Gibbs energies of formations of the AgFeTe2 and Ag2FeTe2 compounds as func-
tions of temperature are described by the following equations as:

∆fGAgFeTe2
/
(

kJ·mol−1
)
= −(85.86± 1.08) + (5.80± 0.17)× 10−3T/K, (19)

∆fGAg2FeTe2 /
(

kJ·mol−1
)
= −(93.23± 1.21)− (24.48± 0.51)× 10−3T/K. (20)

3.2. Thermodynamic Properties of the Ag2FeGeTe4 Compound

The samples of the formula composition ’Ag2FeGeTe4
′ were obtained by both methods

described in Section 2.1 above. For both samples, the diffraction patterns are identical (see
Figure 4). The presence of the phases Ag8GeTe6, FeTe2, GeTe, and impurities of the fourth
unidentified phase in the samples was identified by XRD. Heat treatment of the finely
disperse mixture of the phases in vacuum and in the range between 450 and 600 K did not
affect samples’ phase composition.
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the compounds.

As in the case of the AgFeTe2 and Ag2FeTe2 compounds (Section 3.1), investigation of
thermodynamic properties of the Ag2FeGeTe4 in this work were on the following reasons:

(a) below 600 K, composition of the samples of the concentration triangle Ag8GeTe6–
FeTe2–GeTe in the Ag–Fe–Ge–Te system as the mixture of Ag8GeTe6, FeTe2, and GeTe
compounds is considered to be metastable for kinetic reasons,

(b) possibility of the Ag2FeGeTe4 synthesis, similar to the synthesis of the AgFeTe2 and
Ag2FeTe2 compounds into the PE of ECC, and

(c) correctness of the division of the equilibrium concentration space Fe–Ag–Te–Ge
system in the Ag8GeTe6–GeTe–FeTe2–AgFeTe2–Ag8GeTe6 part into separate 4-phase
regions: Ag8GeTe6–Ag2FeGeTe4–GeTe–AgFeTe2 (IV), Ag8GeTe6–Ag2FeGeTe4–GeTe–
FeTe2 (V), Ag8GeTe6–Ag2FeGeTe4–AgFeTe2–FeTe2, and GeTe–Ag2FeGeTe4–AgFeTe2–
FeTe2.

The phase equilibria of the Fe–Ag–Te–Ge system in the part Ag8GeTe6–GeTe–FeTe2–
AgFeTe2–Ag8GeTe6 are shown in Figure 5.

The concentration space’s division into separate regions was performed with the
information presented in [36,54,67] as well as this work. Validity of the proposed limits
of 4-phase regions is done by the following calculations of thermodynamic values of the
Ag2FeGeTe4 compound.

The position of the phase regions (IV) and (V) relative to Ag was used to express
the equations of the overall reactions of decomposition and synthesis of the 4-component
compound:
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3Ag + 5Ag2FeGeTe4 = Ag8GeTe6 + 5AgFeTe2 + 4GeTe, (R3)

2Ag + Ag8GeTe6 + 4GeTe + 5FeTe2 = 5Ag2FeGeTe4. (R4)

According to the reactions (R3) and (R4), the phase compositions of the positive
electrodes in the phase regions (IV) and (V) were determined by element ratios Ag:Fe:Ge:Te
of 23:10:10:40 and 18:10:10:40, respectively. The compositions of the PE are marked in
Figure 5 by red circles and are located on the Ag–Ag2FeGeTe4 ray-line of the Ag–Fe–Ge–Te
tetrahedron, on both sides of the Ag2FeGeTe4 composition. The PE samples ‘Ag2.3FeGeTe4’
and ‘Ag1.8FeGeTe4’ were obtained by melting a mixture of pure elements at 1100 K and
heat treatment of the mixture at 580 K in vacuum for 1 week.

Energies 2021, 14, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 5. The equilibrium phases in the Fe–Ag–Te–Ge system in the Ag8GeTe6– FeTe2–GeTe–
AgFeTe2–Ag8GeTe6 part, below 550 K. The dashed and solid tie lines show the 2-phase equilibria, 
the red closed circle show compositions of positive electrodes of ECCs, and the open circle show 
compounds. 

The concentration space’s division into separate regions was performed with the in-
formation presented in [36,54,67] as well as this work. Validity of the proposed limits of 
4-phase regions is done by the following calculations of thermodynamic values of the 
Ag2FeGeTe4 compound. 

The position of the phase regions (IV) and (V) relative to Ag was used to express the 
equations of the overall reactions of decomposition and synthesis of the 4-component 
compound: 

3Ag + 5Ag2FeGeTe4 = Ag8GeTe6 + 5AgFeTe2 + 4GeTe, (R3) 

2Ag + Ag8GeTe6 + 4GeTe + 5FeTe2 = 5Ag2FeGeTe4. (R4) 

According to the reactions (R3) and (R4), the phase compositions of the positive elec-
trodes in the phase regions (IV) and (V) were determined by element ratios Ag:Fe:Ge:Te 
of 23:10:10:40 and 18:10:10:40, respectively. The compositions of the PE are marked in Fig-
ure 5 by red circles and are located on the Ag–Ag2FeGeTe4 ray-line of the Ag–Fe–Ge–Te 
tetrahedron, on both sides of the Ag2FeGeTe4 composition. The PE samples ‘Ag2.3FeGeTe4’ 
and ‘Ag1.8FeGeTe4’ were obtained by melting a mixture of pure elements at 1100 K and 
heat treatment of the mixture at 580 K in vacuum for 1 week. 

The measured EMF values of the ECCs at various temperatures are presented in Ta-
ble 5 and plotted in Figure 6. These data were used to calculate the coefficients and dis-
persions of Equation (9) for the phase regions (IV) and (V). Results of calculations are 
listed in Table 6. 

Table 5. A summary of the measured temperatures and EMF values of the ECCs in different phase 
regions of the Fe–Te–Ag system. 

T(К) E[Phase region (IV)] (mV)  E[Phase region (V] (mV) 
482.2 243.51 248.45 
484.7 244.11 248.91 
487.1 244.71 249.29 
489.6 245.24 249.72 
492.1 245.74 250.20 

Figure 5. The equilibrium phases in the Fe–Ag–Te–Ge system in the Ag8GeTe6– FeTe2–GeTe–AgFeTe2–
Ag8GeTe6 part, below 550 K. The dashed and solid tie lines show the 2-phase equilibria, the red
closed circle show compositions of positive electrodes of ECCs, and the open circle show compounds.

The measured EMF values of the ECCs at various temperatures are presented in
Table 5 and plotted in Figure 6. These data were used to calculate the coefficients and
dispersions of Equation (9) for the phase regions (IV) and (V). Results of calculations are
listed in Table 6.

Table 5. A summary of the measured temperatures and EMF values of the ECCs in different phase
regions of the Fe–Te–Ag system.

T(K) E[Phase Region (IV)] (mV) E[Phase Region (V] (mV)

482.2 243.51 248.45
484.7 244.11 248.91
487.1 244.71 249.29
489.6 245.24 249.72
492.1 245.74 250.20
494.5 246.47 250.72
497.0 246.99 251.01
499.4 247.58 251.59
501.9 248.31 251.88
504.3 248.92 252.41
506.8 249.51 252.75
509.2 250.14 253.12
511.7 250.72 253.65
514.1 251.47 254.05
516.6 252.09 254.38
519.0 252.81 254.86
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Table 6. EMF vs. temperature relations for the type (A) ECCs in the (IV) and (V) phase regions of the Fe–Ag–Te–Ge system,
in the temperature range between 482 and 519 K. The coefficients a and b were determined through linear least squares
analysis of the measurements, n is the number of successful experimental points, kSt is Student’s coefficient with a level of
confidence of 95%.

Phase Region E = a + bT ± kSt

√
( u2

E
n + u2

b(T−
¯
T)

2

)

(IV) E(IV) = 122.15 + 251.42× 10−3T± 2.120
√(

9.41×10−3

16 + 4.60× 10−6(T − 500.64)2
)

(V) E(V) = 164.64 + 173.88× 10−3T ± 2.120
√(

3.71×10−3

16 + 1.81× 10−6(T − 500.64)2
)

The thermodynamic quantities of the reactions (R3) and (R4) were calculated by
combining the experimental EMF of each ECC and the Equations (10)–(12). The calculated
results are listed in Table 7.

Table 7. Standard thermodynamic quantities of reactions (R3) and (R4) in the ECCs.

Reaction
−∆rG◦ −∆rH◦ ∆rS◦

kJ·mol−1 J·(mol·K)−1

(R3) 57.05 ± 0.27 35.35 ± 0.66 72.77 ± 1.32
(R4) 41.77 ± 0.11 31.77 ± 0.28 33.55 ± 0.55

The corresponding reactions to determine ∆fG, ∆fH , and S for the Ag2FeGeTe4 in the
phase regions (IV) and (V) can be written similar to Equations (16)–(18) for the AgFeTe2
compound with their appropriate stoichiometric numbers. Considering thermodynamic
data of the pure elements [66], and compounds GeTe [66], Ag8GeTe6 [60], the standard
Gibbs energies of formations of the Ag2FeGeTe4 in the phase regions (IV) and (V) were
described as:
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∆fGAg2FeGeTe4,(IV)/
(

kJ·mol−1
)
= −(166.6± 2.6)− (2.59± 0.04)× 10−3T/K, (21)

∆fGAg2FeGeTe4,(V)/
(

kJ·mol−1
)
= −(166.5± 2.5)− (3.54± 0.05)× 10−3T/K. (22)

A summary of the calculation results with the reported literature data is shown in
Table 8.

Table 8. The Standard thermodynamic quantities of the selected elements and compounds in the
Ag–Fe–Ge–Te system at 298 K.

Phases
−∆fG◦ −∆fH◦ S◦

[Ref.]
kJ·mol−1 J·(mol·K)−1

Ge 0 0 31.087 [66]
Te 0 0 49.497 [66]

GeTe 51.328 48.534 89.956 [66]
Ag8GeTe6 268.0 ± 1.0 245.0 ± 7.0 746.6 ± 17.1 [60]

Ag2FeGeTe4
a 167.4 ± 2.3 166.6 ± 2.6 344.3 ± 4.9 This work

Ag2FeGeTe4
b 167.6 ± 2.2 166.5 ± 2.5 345.2 ± 4.5 This work

a phase region (IV). b phase region (V).

The ∆fG values of the Ag2FeGeTe4 were determined from the EMF measurements
into two independent potential forming processes, the Ag2FeGeTe4 decomposition into
Ag8GeTe6, AgFeTe2, and GeTe and in the phase region (IV), and the synthesis of Ag2FeGeTe4
from Ag8GeTe6, GeTe, and FeTe2 in the phase region (V). These processes include all
compounds of the investigated concentration space Ag8GeTe6–GeTe–FeTe2–AgFeTe2–
Ag8GeTe6. It follows from the data presented in Table 6 that the calculated values of
∆fG for Ag2FeGeTe4 in these phase regions converge within the experiment error of (the
relative difference is less 1%). It validates:

(a) phase compositions and divisions of the equilibrium concentration spaces of the
Ag–Fe–Te system in the part Ag2Te–FeTe2–Fe1.12Te and the Fe–Ag–Te–Ge system in
the part Ag8GeTe6– FeTe2–GeTe–AgFeTe2–Ag8GeTe6,

(b) determined values of thermodynamic functions of the AgFeTe2 and Ag2FeGeTe4
compounds,

(c) reliability of the thermodynamic data of GeTe, FeTe2, and Ag8GeTe6 in the litera-
ture, and

(d) the narrow homogeneity region of the Ag2FeGeTe4.

4. Conclusions

The equilibrium concentration spaces division of the Fe–Ag–Te–Ge system in the parts
Ag2Te–FeTe2–Fe1.12Te and Ag8GeTe6–GeTe–FeTe2–AgFeTe2–Ag8GeTe6 into 3- and 4-phase
regions were established. The phase regions position relative to the composition of Ag
were used to express the overall potential reactions. Synthesis of the equilibrium set of
phases in solid-state, including the AgFeTe2, Ag2FeTe2, and Ag2FeGeTe4 compounds, was
conducted in the positive electrodes of ECCs. Ag+ cations that shifted from the negative to
positive electrode were serving as the nucleation centers for formation of stable compounds
and catalysts for the synthesis of the equilibrium set of phases.

The linear relations of the EMF on T of the ECCs were utilized for the calculations
of the standard Gibbs energies, entropies, and enthalpies of formations of the ternary
and quaternary compounds. Calculations of thermodynamic properties of the quater-
nary compound were performed in two independent potential forming processes. The
similarity of ∆fG values in the two potential forming processes confirm the division of
the concentration space of the Fe–Ag–Te–Ge system and the composition of the phases
in the positive electrodes within the ECCs were used to determine the thermodynamic
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quantities of the AgFeTe2, Ag2FeTe2, and Ag2FeGeTe4 for the first time. Furthermore, the
reproducibility of the determined ∆fG validate the literature Gibbs energy data for GeTe,
FeTe2, and Ag8GeTe6 compounds.

The observed results in this work promote the development of thermodynamic data for
the ternary and quaternary compounds, and enable modeling of the more complex phase
diagrams of the Ag–{Fe, Co, Ni}–{Ge, Sn}–{S, Se, Te} systems. These thermodynamic data
including thermal stability ranges of the multicomponent tellurides assist the discovery of
new thermoelectric materials with high values of ZT parameter, and other applications.
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