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Abstract 
Zinc antimonides and phases based on them are of great interest as earth-abundant, low-cost, and environmentally friendly 
thermoelectric materials. The present work demonstrates the results of a thermodynamic study of the ZnSb and Zn4Sb3 
compounds by a low-temperature electromotive force (emf) method with a glycerol electrolyte in the 300-430 K temperatures 
range.
Measurements were performed using equilibrium samples from the ZnSb+Sb and ZnSb+Zn4Sb3 two-phase regions of the 
Zn-Sb binary system. The phase compositions of prepared samples were controlled by means of the powder X-ray diffraction 
(PXRD) method. Using the least square method, the linear equations of temperature dependences of the emf data were 
obtained.
Based on these equations and relevant thermodynamic expressions, the partial molar Gibbs free energy, enthalpy, and 
entropy of zinc in alloys were calculated. Utilizing the phase diagram of the Zn-Sb system, the virtual-cell reactions for 
both binary compounds were determined, based on which their standard thermodynamic functions of formation and 
standard entropies were calculated. A comparative analysis of the obtained results with available literature data was carried 
out.
The results of the current work are highly accurate and can be considered a new contribution to the thermodynamics of 
zinc antimonides.
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1. Introduction
Metal pnictides are a class of compounds 

which are intriguing  due to their promising 
electronic, optical, magnetic, etc. properties, that 
have resulted in a wide range of applications in 
various fields of modern technology and industry. 
So that binary and more complex pnictides and 
phases based on them are considered promising 
materials for applications such as high-efficiency 
light-emitting diodes, solar cells, quantum 
transport, low-power high-speed electronics, 
mid- to long infrared wavelength optoelectronics, 
thermoelectric (TE) generation and so on [1–
4]. Some of them have gained recognition in 
physics and materials science as 3D topological 
Dirac semimetals and have been suggested for 
use as Weyl semimetals, axion insulators, and 
topological superconductors, making them a 
unique parent compound for the study of these 
states and the phase transitions between them 
[5–8]. 

Among binary pnictides, Zn-Sb phases are the 
most investigated materials showing promising 
TE performance. In addition, they are earth-
abundant, low-cost, environmentally friendly, 
and stable at high temperatures up to ~1000 K 
materials which make them one of the best 
choices for the TE industry since the discovery 
of the Seebeck effect [9–12].

Although zinc antimonides have glass-
like thermal conductivity, which makes them 
attractive for TE applications, their poor carrier 
concentration compared with state-of-the-art TE 
materials [13] has inspired many scientists to try 
to improve their electrical properties by adding 
dopants such as In, Al, Sn, etc. [14–16].

The phase diagram of the Zn-Sb system has 
been extensively studied experimentally and 
theoretically by many authors [17–21]. The 
phase diagrams reported in these studies are very 
similar, although the topology is slightly different. 
The true equilibrium phase diagram determined 
by a careful study considering the differences 
among all the previous studies was reported by 
H. Okamoto [22]. According to [22], Zn-Sb phase 
diagram is characterized by the formation of 
3 antimonides: ZnSb, Zn4Sb3, and Zn3Sb2. The 
first compound melts at 818 K by peritectic 
decomposition and is stable below its melting 
temperature. Zn4Sb3 and Zn3Sb2 compounds 

have distectic melting at accordingly 837 and 
838 K temperatures. Zn4Sb3 has 3 modifications: 
stable below 768 K (α-Zn4Sb3), between 768 and 
803 K (β-Zn4Sb3) and above 803 K (γ-Zn4Sb3), 
respectively. Zn3Sb2 appears in low- and high-
temperature modifications and is metastable at 
room temperature [22].

In a recent study, an updated phase diagram 
of the system Zn–Sb provides new details about 
the composition, transformation, and stability 
temperatures for the four binary phases [23]. 
According to the results of [23], the Zn–Sb 
system contains two well-known thermoelectric 
materials: Zn1−δSb and Zn13−δSb10 (“Zn4Sb3”), and 
two other phases: Zn9−δSb7 and Zn3−δSb2, which are 
only stable at high temperatures. The chemical 
formula of the well-known Zn4−δSb3 phase was 
suggested as Zn13−δSb10 according to its structure 
and composition. 

Thermodynamic properties of compounds are 
essential for forecasting the thermal behaviour 
and microstructure evolution of alloys as 
temperature changes. As scientists explore 
zinc antimonides for potential applications 
in electronic and optoelectronic devices, a 
precise comprehension of their thermodynamic 
properties becomes imperative, paving the way 
for optimized performance and leveraging their 
capabilities in technological advancements. The 
thermodynamic properties of zinc antimonides 
were studied by different authors and summarized 
in modern review papers and databases [24–
27]. These works are mainly dedicated to the 
determination of their enthalpies and Gibbs 
free energies of formation with calorimetric 
and high-temperature emf methods, as well as 
by thermodynamic assessment. Later, in the 
discussions section of the paper, the results 
of these studies will be discussed, focusing on 
experimental methods and models that have 
been used to estimate related thermodynamic 
properties and will be compared with the ones 
obtained in the current study. Therefore, to obtain 
a more reliable set of thermodynamic functions, 
it is recommended to use experimental data 
obtained under conditions as close as possible 
to the standard. 

Various modifications of the emf  method 
are commonly employed for the thermodynamic 
analysis of binary and more complex inorganic 
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systems. Depending on different factors such 
as measurement temperature, the composition 
of compounds, etc., different types of liquid 
and solid electrolytes can be applied for emf 
measurements [28-32]. 

Consequently, the present paper is dedicated 
to the thermodynamic study of zinc antimonides 
by low-temperature emf measurements. 

2. Experimental part
The compositions of the prepared samples, 

as well as their synthesis and thermal annealing 
conditions were selected with respect to the 
phase diagram of the Zn–Sb system [22]. Alloys 
of different compositions from the ZnSb + Sb 
and ZnSb + Zn4Sb3 two-phase regions have been 
selected to study the thermodynamic properties 
of zinc antimonides stable at room temperature. 
Two samples with 52 and 70 at.% Sb composition 
from the ZnSb + Sb phase region and two samples 
with 43 and 47 at.% Sb composition from the 
ZnSb + Zn4Sb3 two-phase region of the system 
were selected for the thermodynamic study of the 
ZnSb and Zn4Sb3 compounds, respectively. High-
purity elements (Zinc lumps - Sigma-Aldrich, 
CAS number 7440-66-6 and Antimony pieces - 
Alfa-Aesar, CAS number 7440-36-0) were used 
for sample preparation.

For synthesis, calculated amounts of zinc and 
antimony were weighed in an analytical balance 
and inserted into the quartz ampoules. Ampoules 
were evacuated up to ~ 10-2 Pa pressure and 
heated up to 900 K temperature. After 2-3 hours 
synthesis process, the temperature was gradually 
decreased to 600 K and the samples were kept at 
this temperature for ~500 hours. 

The PXRD technique was used to confirm the 
phase composition of the prepared equilibrium 
samples. Data collection was performed at room 
temperature using the D2 Phaser diffractometer 
with CuKα emission. Samples were scanned 
from ~ 5 to 75°. The Topas 4.2 profile modelling 
software was used to examine and analyse the 
recorder diffraction patterns. 

PXRD spectrum of one sample from each 
phase region is given in Fig. 1. As can be seen, 
the PXRD spectrum of the sample with 47 at.% Sb 
composition (Fig. 1a) is composed of diffraction 
peaks of the ZnSb and Zn4Sb3 compounds, while 
the powder diffractogram of the sample with 

70 at.% Sb composition (Fig. 1b) consists of 
diffraction lines of the ZnSb compound and 
an elemental antimony. Any signals belonging 
to other phases have not been detected in the 
diffraction patterns of samples, which confirms 
the complete synthesis and homogenization 
processes. 

To start emf  measurements, the following 
electrochemical cell was constructed: 

(-) Zn(s) / glycerol + KCl + ZnCl2 / Zn-Sb alloy (s) (+) 	(1)

The most active element of the system, 
namely zinc was used as the left electrode, while 
prepared equilibrium alloys of the Zn-Sb system 
were used as the right electrodes. To prepare 
the right electrodes, previously synthesized and 
annealed samples were powdered, pressed into 
tablets of 5-6 mm in diameter, and attached to 
the molybdenum rods. Molybdenum rods and 
electrodes were covered by glass coatings to 
prevent possible contact between them inside an 
electrolyte solution.

A liquid electrolyte of the constructed cell 
was a glycerol solution of KCl (Sigma Aldrich, 
99.999%) with a small addition of anhydrous ZnCl2 
(Sigma Aldrich, 99.999%). Due to the presence of 
moisture and oxygen in the electrolyte, glycerol 
was thoroughly dehydrated and degassed at ~350 
K under a dynamic vacuum. Preparation of the 
electrolyte and electrodes, as well as the assembly 
technique of the electrochemical cell (1) were put 
into practice as described in [33, 34].

A Keithley 2100 6 ½ The digital multimeter, 
having 1014 Ω input resistance and ±0.1 mV 
accuracy, was used to collect emf  data in the 
300- 430 K temperature interval. A chromel-
alumel thermocouple and a mercury thermometer 
were used for temperature measurements. After 
keeping the cell at ~350 K for 40–60 hours, the 
first equilibrium values of the potential difference 
were obtained. Then subsequent measurements 
were taken every 3-4 h when a particular 
temperature was established. For equilibrium 
values of the emf, the difference between repeated 
measurements was not higher than 0.2 mV at the 
established temperature. 

3. Results and discussions
According to experimental measurements’ 

results, the emf values were constant within each 
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Fig. 1. PXRD spectrums of samples with a) 47 at. % Sb and b) 70 at. % Sb composition along the Zn-Sb binary 
system

а

b

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(1): 48–56

A. R. Aghayeva et al.	 Thermodynamic study of zinc antimonides by the electromotive force measurements



52

of the ZnSb + Sb and Zn4Sb3+ZnSb two-phase 
fields, independent of the overall composition 
of electrode alloys. Temperature dependencies 
of the emf values for both samples are illustrated 
in Fig. 2. Analysis of the E ∼ f(T) dependences of 
the alloys has shown that they are practically 
linear (Fig. 2). It confirms the stability of the 
compositions of coexisting phases in above 
mentioned heterogeneous phase areas in the 
temperature range under study and gives a 
base for estimations of the partial entropy 
and enthalpy from values of the temperature 
coefficients of the emf  [35, 36]. 

Collected experimental data were processed 
using least squares fitting with the Microsoft 
Office Excel computer program to give linear 
equations

E a bT t
n

T TE
b= + ± + -

È

Î
Í
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d
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2
2 2

1 2

( ) ,
/
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where a and b are constant coefficients, n is the 
number of pairs of experimental E and T values;  
dE

2 and db
2  are the error variances of the emf rea

dings and b coefficient, respectively; T  is the 
average of the absolute temperature; t is Stu-
dent’s test. With the number of experimental 
points n = 30, and the confidence level equal to 
95%, the student’s test is t ≤ 2. Obtained linear 
equations of the type (2) are presented in Table 1. 
Based on these linear equations and using the 
thermodynamic expressions below given, the 
partial molar Gibbs free energy, enthalpy, and 
entropy of zinc in alloys have been calculated 
[33–36]:
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The obtained relative partial molar functions 
of zinc in the alloys are presented in Table 2.

According to the phase diagram of the Zn-
Sb binary system [22], ZnSb compound is the 
richest in the antimony phase in the system and 
is in ZnSb + Sb equilibrium with it. Hence the 
partial molar functions of zinc in this region 
are thermodynamic functions of the following 
virtual-cell reaction:

Zn(s) + Sb(s) → ZnSb(s). 	 (6)

This reaction is similar to the reaction of the 
formation of ZnSb compound from its elemental 
components. Therefore, the corresponding partial 
molar functions of zinc in the ZnSb + Sb phase 
area are standard thermodynamic functions of 
the formation of ZnSb. 

The partial molar functions of zinc in the 
Zn4Sb3 + ZnSb two-phase field (Table 2) are 
thermodynamic functions of the following 
virtual-cell reaction: 
Zn(s) + 3ZnSb(s) → Zn4Sb3(s). 	 (7)

In accordance with the reaction (7), the 
following equations were used to calculate the 
standard Gibbs free energy, enthalpy, and entropy 
of the formation of the Zn4Sb3 intermediate 
compound: 

D D Df fZ Z Z0 03(Zn Sb ) (ZnSb)4 3 Zn= + , 	 (8)

where Z ≅ G, H, or S.

Fig. 2. E ~ f(T) plots for the samples along the system Zn-Sb: (a) ZnSb +Sb phase area; (b) ZnSb + Zn4Sb3 phase 
area
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Absolute entropies of the ZnSb and Zn4Sb3 
compounds have been calculated using the 
following equations:

S S S S0 0 0(ZnSb) Zn Zn Sb= + +D 	 (9)

S S S S0 0 03(Zn Sb )4 3 Zn Zn ZnSb= + +D . 	 (10)

Errors were calculated by the error accumulation 
method. Absolute entropies of the elementary 
zinc and antimony used for calculations were 
taken from [25]: Sº(Zn) = 41.63±0.13 J/(mole·K); 
Sº(Sb) = 45.69±0.63 J/(mole·K). Calculated 

standard integral thermodynamic functions of 
both compounds along with available literature 
data are tabulated in Table 3. 

The ∆fGº values in the table related to the 
studies with the emf measurements [38-40, 46] 
were calculated by us for 298 K based on the 
results of those studies. Comparative analysis 
of the values in the table shows that the results 
of the current study for the ZnSb compound are 
in good agreement with the results of the emf 
measurements given in [37, 38], obtained by vapor 
pressure measurement method [41], as well as 

Table 1. Temperature dependencies of the emf  for the cells of the type (1) in some phase areas of the 
Zn–Sb system at the 300–430 K temperature interval

Phase region E, mV = a + bT ± 2SE(T)

ZnSb(s) + Sb(s) 103 95 2 1 04
30

2 1 10 363 55 2
1 2

. � . . ( . )
/

− ± + ⋅ −





−0.0243T T

Zn
4
Sb

3(s) +ZnSb(s) 77 78 0 0225 2 2 26
30

4 7 10 363 25 2
1 2

. . � . . � ( . )
/

  + ± + ⋅ −





−T T

Table 2. Partial molar thermodynamic functions of zinc in the alloys of the Zn–Sb system at 298 K

Phase region −∆GZn , kJ/mol ⋅∆HZn , kJ/mol ⋅∆SZn , J/(mol·K)

ZnSb(s) + Sb(s) 18.66±0.14 20.06±0.64 –4.69±1.76
Zn4Sb3(s) + ZnSb(s) 13.71±0.20 15.01±0.98 –4.36±2.66

Table 3. Standard integral thermodynamic functions of zinc antimonides 

Compound −∆f G° −∆f H°  
kJ/mol

∆f S°  
J/(mol·K) S° Reference,

method
ZnSb 18.7±0.2 20.1±0.7 –4.7±1.8 82.6±2.5 This work, emf

19.89
17.75
16.28
16.53
17.68

19.5
20.36

17.40
17.72

21.80
19.10
16.46
17.15
19.00
12.8

74.47
22.49
22.98
22.92

19.0±1.3
16.74
18.93

82.6±1.7
89.54±2.1

83.08

[37], emf
[38], emf
[39], emf 
[40], emf 

[41], vap. press.
[42], calorimetry
[43], calorimetry

[17], optimization
[44], optimization
[45], optimization
[24], recommend
[25], recommend
[26], recommend

Zn4Sb3 69.7±0.7 75.2±3.0 –18.5±7.9  285.1±10.4 This work, emf
65.30
55.48
56.82
61.31
65.02

74.90
37.24
54.79
65.57
65.65

[37], emf
[39], emf
[46], emf

[44], optimization
[47], optimization
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with the ones thermodynamically optimized in 
[17, 44, 45]. The results obtained from other emf 
studies are somewhat lower. Quantities obtained 
during two different calorimetric studies differ 
from each other by more than 5 times, and hence 
they are naturally insignificant. It should also be 
noted that for the ZnSb compound, the quantities 
provided in the reference books [24-26] are 
slightly different than our results. Among them, 
the results of [24] and [26] are in better agreement 
with the current study.

Thermodynamic properties of the Zn4Sb3 
compound were experimentally studied only 
using the emf method [37, 39, 46] until our studies 
and their thermodynamic optimization were 
carried out by [44, 47]. As can be seen from Table 
3, our results are closer to [37] and also agree with 
the optimized thermodynamic quantities.

Thus, the obtained standard thermodynamic 
functions have high accuracy and minimize 
existing contradictions, especially for the 
standard entropy and Gibbs free energy of 
formation for both compounds.

4. Conclusion
The present contribution shares the results 

of the thermodynamic study of the ZnSb and 
Zn4Sb3 compounds by a low-temperature emf 
method. Using samples from the ZnSb+Sb and 
Zn4Sb3+ZnSb phase areas of the system as a right 
electrode, the linear equations of temperature 
dependences of the emf have been obtained. 
From these linear equations, the partial molar 
thermodynamic functions of zinc in alloys have 
been calculated. Based on the T-x diagram of 
the Zn-Sb system, the potential generating 
reactions for both binary compounds have 
been defined and consequently, their standard 
integral thermodynamic functions have been 
determined. The set of obtained standard 
thermodynamic quantities is of high accuracy 
and a new contribution to the thermodynamics of 
zinc stibnites. These results allow us to minimize 
the contradictions between the existing literature 
data.
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