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Thermodynamic study of the thallium-thulium tellurides by EMF method
In this study the phase equilibria in the Tl2Te–Tl2Te3–TlTmTe2 compositions area of the Tl–Tm–Te ternary
system were studied by powder X-ray diffraction (PXRD) analysis. Based on PXRD data, the solid-phase equilibria diagram was plotted. The thermodynamic functions of the Tl9TmTe6 and TlTmTe2 ternary compounds
were calculated by the electromotive forces method. The electrochemical cells of the following type
(−) TmТе (s.) | glycerol + KCl + TmCl3 | (Tm in alloys of Tl–Tm–Te system) (s.) (+) were assembled and their
EMF were measured in the 300-450 K temperature range. Based on obtained EMF data for the Tl2Te3–TlTe–
TlTmTe2 and TlTe–TlTmTe2–Tl9TmTe6 three-phase regions, the relative partial thermodynamic functions of
TmTe in alloys were calculated. The combination of these functions with the partial molar functions of thulium
in TmTe allowed calculating the corresponding partial functions of thulium in the above phase regions. The
potential-forming reactions responsible for the indicated partial molar values were obtained based on constructed solid-phase equilibria diagram. Using indicated potential-forming reactions, for the first time, the
standard thermodynamic functions of formation and standard entropies of the Tl 9TmTe6 and TlTmTe2 compounds were calculated.
Keywords: Tl–Tm–Te system, Tl9TmTe6, TlTmTe2, powder X-ray diffraction analysis, solid-phase equilibria
diagram, method of electromotive forces, concentration cells, thermodynamic functions.

Introduction
The presence of a wide range of functional properties (thermoelectric, optical, electronic) in chalcogenides of heavy elements makes them promising functional materials in numerous fields of modern technology,
such as electronics, optoelectronics industry, photovoltaic and photo-detection applications, fiber-optical communication, etc. [1–6]. Moreover, the discovery of a topological insulators (TI) shown that these compounds
also exhibit the properties of TI and can be used in spintronics and quantum computers, medicine, security
systems [7, 8].
The introduction of heavy metal atoms as well as d- and f-elements into the crystal lattice of these compounds can lead to an improvement in their thermoelectric properties [9], and also give them additional functionality, for example, magnetic properties, as well as the properties of TI [10–13].
It is known that telluride Tl5Te3 exhibits thermoelectric properties [14]. Due to the peculiarities of the
crystal lattice it has many ternary analogs of the types Tl9AX6 and Tl4BX3 (A-Sb, Bi, In, Au, rare-earth elements; B-Sn, Pb, Mo, Cu, rare-earth elements; X-Se, Te) [15–22], also possessing several functional properties, namely optical [23, 24], thermoelectric [25–27], magnetic [28, 29], as well as topological insulators properties [30, 31]. In recent years in order to improve thermoelectric performance intensive work has been carried
out to study solid solutions and doped phases based on these compounds [32–34].
Another class of thallium chalcogenides with the common formula TlCX2 (C – Sb, Bi, In, Ag, rare-earth
elements) also possess many functional properties [10, 35–40].
For design and optimization of the synthesis and the growth of the single crystal conditions besides the
phase diagram, accurate data of the thermodynamic functions are required [43–46]. Usually, the method of
differential scanning calorimetry is used to determine the thermal effects of phase transformations and the heat
capacity [47, 48]. At the same time, the method of electromotive forces (EMF) has found wide application in
practice due to the simplicity of measurements and their high accuracy. EMF measurements are often used to
investigate the partial and integral thermodynamic functions of formation. In practice, the several modifications of the EMF method are used. In this case, liquid electrolytes [49–51], solid electrolytes [52, 53], as well
as ionic liquids can serve as an electrolyte [54, 55].
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However, despite potential interest we did not find in the literature data on the thermodynamic properties
of Tl9LnTe6 and TlLnX2 compounds. Considering the above, we have undertaken a comprehensive study of
solid-phase equilibria and thermodynamic properties of the Tl–Gd–Te and Tl–Er–Te systems [41, 42].
In this experimental study, we present the results of the investigation of the solid-phase relations in the
Tl2Te-Tl2Te3-TlTmTe2 system and the thermodynamic properties of the Tl9TmTe6 и TlTmTe2 ternary compounds by EMF method.
Experimental
Synthesis
The initial compounds and intermediate samples from the Tl2Te3–TlTe–TlTmTe2 and TlTe–TlTmTe2–
Tl9TmTe6 three-phase regions were synthesized from high-purity thallium (granules, 99.999 %), thulium (ingots, 99.9%), tellurium (ingots 99.999 %), and telluride Tl2Te in evacuated quartz ampoules. After alloying at
1000 K, non-homogenized intermediate samples were powdered, mixed, compressed into a tablet, and annealed further at 700 K for 1000 h.
The congruently melting Tl2Te was synthesized by fusing thallium and tellurium in vacuumed (~ 10–2 Pa)
quartz ampoule at 750 K followed by slow cooling.
The refractory compound TmTe was synthesized by ceramic method at 1000 K followed by annealing at
900 K for 1000 h.
Methodology
Studies were carried out by powder X-ray phase diffraction analysis (Bruker D8 diffractometer with
CuK1 radiation) and electromotive forces (EMF) method.
For the rational planning of thermodynamic experiments, we first studied the solid-phase equilibria of the
Tl–Tm–Te system in the Tl2Te–Tl2Te3–TlTmTe2 compositions area (Fig. 1).

Figure 1. The solid-phase equilibria diagram of the Tl2Te–Tl2Te3–TlTmTe2 subsystem.
1–4 — alloy compositions used for XRD and EMF measurements;
the numbers in brackets are the EMF values (mV) of the cells type (1) in the three-phase regions

The data on phase relations in the Tl2Te–Tl5Te3–Tl9TmTe6 composition area were taken from the previous
study [56]. The formation of a wide area of solid solutions with the Tl5Te3 structure (-phase) was found for
this system. Also it was established that -phase is tie-lined to TlTe (Fig. 1) [57]. As a result, a two-phase
region +TlTe is formed on the phase diagram. Solid-phase equilibria diagram of the Tl2Te3–Tl2Te–TlTmTe2
system also reflects the presence of three-phase regions Tl2Te3–TlTe–TlTmTe2 and TlTe–TlTmTe2–Tl9TmTe6
(Fig.1). Their existence is confirmed based on powder diffraction patterns of selected alloys (Fig. 2, samples 1, 4).
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Figure 2. The powder X-ray diffractogramms of the alloys from Tl 2Te3–TlTe–TlTmTe2
and TlTe–TlTmTe2–Tl9TmTe6 compositions areas

Thus, EMF measurements in the indicated three-phase regions can be used for calculations of the thermodynamic functions of the Tl9TmTe6 and TlTmTe2 ternary compounds.
The assembled electrochemical cell with a liquid electrolyte can be presented schematically as
(−) TmТе (s.) | glycerol + KCl + TmCl3 | (Tm in alloys) (s.) (+).
(1)
In cells (1) a glycerol solution of KCl with addition of TmCl 3 (0.1 %) was used as the electrolyte. It is
necessary to pay special attention to the salts (KCl и TmCl3) and glycerol. They must be free from moisture
and oxygen. Therefore glycerol was dehydrated and degassed before use by pumping at a temperature of
450 K. Anhydrous KCl and TmCl3 were used. The electrolyte was stored in a sealed ampoule and used as
required. Upon the introduction of the electrolyte in a cell, contact with air was minimal.
TmTe with a negligible (0.1 at.%) tellurium excess was used as the left (negative) electrode. Our previous
studies [41, 42] showed that using metallic lanthanide as the left electrode resulted in high EMF values. Right
(positive) electrodes in the cells of type (1) were equilibrium alloys from Tl 2Te3–TlTe–TlTmTe2 and TlTe–
TlTmTe2–Tl9TmTe6 three-phase regions. The synthesis of the alloys - right electrodes is described above. The
methods for preparing electrodes and assembling an electrochemical cell are detailed described in [54, 55]. To
control the reproducibility of the EMF results and their compliance with the phase diagram, 2 electrode-alloys
with different compositions from each three-phase region were prepared.
The electrochemical cell described [54, 55] was assembled, evacuated, filled with argon, and placed in a
cylindrical electric furnace. All contacts and current leads of the cell were kept at the same temperature. The
first equilibrium EMF values were obtained after keeping the concentration cell at 350 K for 60 h, followed
by every 3–4 hours after the establishment of a certain temperature. The EMF data were considered equilibrium
if they did not differ from each other upon repeated measurements at a given temperature by more than 0.2 mV,
regardless of the direction of the temperature change. Within the experiment the EMF of each sample was
measured 3 times at two constant temperatures. For example, for an alloy from the Tl 2Te–Tl5Te3–Tl9TmTe6
phase region at 350.8 K, EMF values were: 683.13, 683.19, 683.224. Table 1 presents the averaged value of
683.18.
Keithley 2100 6 1/2 digital multimeter was used for EMF measurements. Most measurements were carried out when heating and cooling the cell in steps no more than 10. The chromel-alumel thermocouples and
a mercury thermometer (an accuracy of 0.5 K) were used for measurements of the temperature of the electrochemical cell.
CHEMISTRY Series. No. 2(102)/2021
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The EMF measurements were conducted in 300–450 K temperature interval. The upper limit of the temperature interval of the EMF measurements was chosen so that the phase composition remained unchanged
within the experiment. The mass measurement and X-ray diffraction analysis of electrodes before and after
EMF measurements were used to control the reversibility of electrochemical cells and reproducibility of results. The mass and composition of the electrodes remained constant in the time of the experiment.
Results and Discussion
The obtained experimental data, i.e., pairs of temperature and EMF values are listed in Table 1.
Table 1
Experimentally determined data for temperature and EMF of the Tl 2Te3–TlTe–TlTmTe2
and TlTe–TlTmTe2–Tl9TmTe6 phase regions in the Tl–Tm–Te system
T, K
301.2
306.7
312.7
318.3
323.3
328.2
334.2
340.1
345.5
350.8
357.7
362.2
366.4
371.5
377.9
382.9
387.4
392.3
395.3
402.1
407.5
412.3
416.7
421.3
425.7
431.1
437.2
442.7
446.2
449.2

E, mV
TlTe–TlTmTe2–Tl9TmTe6
Tl2Te3–TlTe–TlTmTe2
680.24
712.85
679.15
711.34
681.02
712.45
679.84
714.64
681.68
715.12
681.82
713.13
682.08
715.65
680.62
713.94
684.68
714.02
683.18
718.12
684.24
714.94
683.21
719.08
684.86
719.66
684.86
716.06
688.84
720.07
687.68
717.98
687.44
716.46
685.02
719.66
688.44
719.22
688.68
722.12
690.96
718.78
688.12
719.83
688.93
722.55
687.87
721.88
693.46
722.74
692.21
722.66
693.34
722.02
692.66
724.33
693.85
724.12
693.99
725.97

The EMF measurements data of the electrochemical cell of type (1) were in full agreement with the
diagram of solid-phase equilibria of the Tl2Te–Tl2Te3–TlTmTe2 system (Fig. 1). At a certain temperature the
EMF value in the three-phase regions Tl2Te3–TlTe–TlTmTe2 and TlTe–TlTmTe2–Tl9TmTe6 were constant
and changed during the transition from one phase to another.
The temperature dependences on EMF for all alloys of the Tl-Tm-Te system were linear (Fig.3). Also,
the measurements results showed that, in addition to reproducibility, the numerical values of the EMF increase
in the radial directions from Tm vertex of the Tl–Tm–Te concentration triangle, which is in agreement with
the well-known thermodynamic principle [47, 48].
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Figure 3. Temperature dependencies of EMF for alloys of the Tl2Te3–TlTe–TlTmTe2
and TlTe–TlTmTe2–Tl9TmTe6 phase areas of the Tl-Tm-Te system.
Alloys of different composition for each three-phase area are shown in different colors

Alloy designations are the same as in Figure 1.
Therefore, the data obtained were processed by the least-squares method, and temperature dependences
of EMF were represented by the linear equation of type
1/ 2

 2

(2)
E = a + bT  t  E + b2 (T − T ) 2  .
n

In equation (2) a and b are coefficients, n is the number of pairs of values E and T; T is average temperature in K, t is Student's test, and 2E and  b2 are the variances of individual EMF values and the constant b.
With the number of experimental points n = 30, and the confidence level equal to 95 %, the Student's test is
t  2. Table 2 lists the equations obtained.
The partial molar functions of thulium telluride in the alloys at 298 K (Table 3) were calculated using the
following thermodynamic relations:

GTmTe = − zFE;
 E 
 S TmTe = zF 
 = zFb;
 T  P

(3)
(4)


 E  
(5)
 H TmTe = − zF  E − T 
  = − zFa .

T


P

In the equations (3)–(5), z is the charge of the potential-forming cation Tm3+, F is the Faraday constant,
a and b are the constants in relation (2).
Тable 2
Temperature dependencies of the EMF for the cells of the type (1) in the 300–450 K temperature interval
№

Phase area

E, mV = a + bT  2[2E / n + b2 (T − T )]1/ 2

1

Tl2Te3 + TlTe + TlTmTe2

 2.1

687.07 + 0.0828T  2 
+ 3.5 10 −5 (T − 378.2) 
30



2

TlTe + Tl9TmTe6 + TlTmTe2

1.9

649.22 + 0.0984T  2 
+ 3.1 10 −5 (T − 378.2) 
 30


1/ 2

1/ 2
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Table 3
Relative partial molar functions of thulium monotelluride in the alloys of the Tl-Tm-Te system at T = 298 K
−G TmTe

Phase area

−H TmTe

kJ∙mol-1

Tl2Te3 + TlTe + TlTmTe2
TlTe + Tl9TmTe6 + TlTmTe2

206.020.31
196.420.30

198.881.30
187.921.23

S TmTe
J∙mol-1∙K-1
23.973.40
28.483.24

These values represent the difference of the corresponding partial molar functions of thulium for the left
and right electrodes of the cells of type (1). For example, for alloys from Tl 2Te3 + TlTe + TlTmTe2 three-phase
area
G TmTe(in alloys) = GTm (in alloy) −G Tm (in TmTe) ,
then
(6)
GTm (in alloy) = GTmTe (in alloy) + G Tm (in TmTe) .
Therefore, the calculation of the partial thermodynamic functions of thulium in the above three-phase
regions was carried out by summation of the data in Table 3 with the corresponding partial
molar functions Tm in TmTe [58]: GTm = −261.31  0.22 кJ∙mol–1, HTm = –267.620.92 кJ∙mol-1,

STm = –21.162.42 J∙mol-1∙K-1. The obtained results are given in Table 4.
Table 4
Relative partial molar functions of thulium in the alloys of the Tl–Tm–Te system at T = 298 K
Phase area
Tl2Te3 + TlTe + TlTmTe2
TlTe + Tl9TmTe6 + TlTmTe2

−G Tm

−H Tm

kJ∙mol-1
467.330.53
457.730.52

466.502.22
455.542.15

S Tm
J∙mol-1∙K-1
2.785.82
7.355.66

The standard integral thermodynamic functions of the TlTmTe2 and Tl9TmTe6 compounds were calculated by the method of potential-forming reactions. According to the solid-phase equilibria diagram (Fig. 1),
the values of the partial molar functions of thulium in the Tl2Te3–TlTe–TlTmTe2 and TlTe–TlTmTe2–
Tl9TmTe6 three-phase areas are thermodynamic functions of the potential formation reactions
Tm + Tl2Te3 = TlTe + TlTmTe2
(7)
Tm + 3TlTe = 0.25Tl9TmTe6 + 0.75TlTmTe2
(8)
According to relations (7) and (8), the standard thermodynamic functions of the formation of ternary
compounds TlTmTe2 and Tl9TmTe6 can be calculated from the relations
(9)
 f Z 0 (TlTmTe 2 ) = Z Tm +  f Z 0 (Tl 2 Te3 ) −  f Z 0 (TlTe) ,
 f Z 0 (Tl9 TmTe 6 ) = 4Z Tm + 12 f Z 0 (TlTe) − 3 f Z 0 (TlTmTe 2 ) ,

(10)

(Z≡G, H), while the standard entropy by using relations
S 0 (TlTmTe2 ) = S Tm + S 0 (Tm) + S 0 (Tl2 Te3 ) − S 0 (TlTe) ,

(11)

(12)
S 0 (Tl9TmTe6 ) = 4S Tm + 4S 0 (Tm) + 12S 0 (TlTe) − 3S 0 (TlTmTe2 ) .
Using relations (9)–(12) in calculations, beside own experimental data (Table 4), the value of the standard
entropy Tm (71.014±0.209 kJ∙mol-1) [59] as well as thermodynamic data for TlTe and Tl2Te3 (Table 5), determined by using the EMF method [60] and included in the database [59] were used.
When calculating relations (10) and (12), in addition to the partial molar functions of thulium in the threephase region TlTe+Tl9TmTe6+TlTmTe2 we used the standard integral thermodynamic functions of the TlTmTe2 compound determined in this work (Table 5).
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Table 5
Standard integral thermodynamic functions of thallium-thulium tellurides at Т= 298 K
Compound
TlTe [60]
Tl2Te3 [60]
TlTmTe2
Tl9TmTe6

− f G0 (298K)

− f H 0 (298K)
kJ∙mol-1

44.50.4
90.80.8
513.61.7
824.112.0

44.90.5
90.01.0
511.63.7
826.225.7

S 0 (298K)
J∙mol-1∙K-1
115.91.5
279.73.3
240.610.8
965.074.0

During the calculations of the partial thermodynamic functions of thulium (Table 4) and integral thermodynamic functions of ternary compounds (Table 5), the inaccuracies were determined by the uncertainty propagation method. The relatively high errors in the values of the enthalpy of formation and entropy can be explained by the fact that, in contrast to the usual potential-forming reactions with one final product, there are 2
final products in reactions (7) and (8). Therefore, when calculating the thermodynamic functions of TlTmTe 2
and Tl9TmTe6 compounds according to relations (9)–(12), the thermodynamic functions of some compounds
are subtracted from the general balance, while their errors are summed up.
Conclusion
In this paper we presented a set of experimental data on solid-phase relations in the Tl–Tm–Te ternary
system in the Tl2Te–Tl2Te3–TlTmTe2 composition interval and thermodynamic functions of the TlTmTe2 and
Tl9TmTe6 compounds obtained by the powder XRD and EMF methods. The relative partial thermodynamic
functions of TmTe and Tm in alloys were obtained based on the EMF measurements. The potential-forming
reactions responsible for the above partial molar quantities were determined based on constructed solid-phase
equilibria diagram, and the standard thermodynamic functions of formation and standard entropies of the TlTmTe2 and Tl9TmTe6 compounds were calculated for the first time.
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С.З. Имамалиева, И.Ф. Мехдиева, Я.И. Джафаров, М.Б. Бабанлы

Талий-тулий теллуридтерін ЭҚК әдісімен термодинамикалық зерттеу
Мақалада Tl2Te–Tl2Te3–TlTmTe2 композициялар диапазонындағы фазалық тепе-теңдікті Tl–Tm–Te
үштік жүйесінің ұнтақты рентгендік дифракциясы арқылы зерттеу нәтижелері келтірілген. XRD
деректері негізінде қатты фазалық тепе-теңдік диаграммасы құрылды. Tl9TmTe6 және TlTmTe2 үштік
қосылыстарының термодинамикалық қасиеттері электр қозғаушы күштер әдісімен анықталды.
(–) TmTe (қатты) типіндегі электрохимиялық ұяшықтар жиналды (қатты.) | глицерин + KCl + TmCl 3 |
(Tl Tl–Tm–Te жүйесінің қорытпаларында) (қатты) (+) және олардың ЭҚК температурасы 300–450 К
температурасында өлшенді. Алынған ЭҚК деректері негізінде үш фазалы аймақтар үшін Tl 2Te3–TlTe–
TlTmTe2 және TlTe–TlTmTe2–Tl9TmTe6, қорытпалардағы TmTe салыстырмалы ішінара
термодинамикалық функциялары анықталды. Бұл функцияларды тулийдің TmTe ішінара молярлық
функцияларымен біріктіре отырып, жоғарыда аталған фазалық аймақтардағы тулийдің сәйкес ішінара
функциялары есептеледі. Қатты фазалық тепе-теңдік сызбасын қолдана отырып, көрсетілген ішінара
молярлық шамаларға жауап беретін потенциал түзуші реакцияларды пайдаланып, Tl9TmTe6 және
TlTmTe2 қосылыстарының стандартты термодинамикалық функциялары және стандартты
энтропиялары есептелді.
Кілт сөздер: Tl–Tm–Te жүйесі, Tl9TmTe6, TlTmTe2, функционалды материалдар, рентгендікфазалық
талдау, қаттыфазалық тепе-теңдік диаграммасы, электр қозғаушы күштер әдісі, термодинамикалық
функциялар.
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Термодинамическое исследование теллуридов талия-тулия методом ЭДС
В статье представлены результаты исследования фазовых равновесий в области составов Tl2Te–Tl2Te3–
TlTmTe2 тройной системы Tl–Tm–Te методом порошковой рентгеновской дифракции. На основании
данных РФА построена диаграмма твердофазных равновесий. Термодинамические свойства тройных
соединений Tl9TmTe6 и TlTmTe2 определены методом электродвижущих сил. Были собраны электрохимические ячейки типа (−) TmТе (тв.) | глицерин + KCl + TmCl3 | (Tm в сплавах системы Tl-Tm-Te)
(тв.) (+) и измерены их ЭДС в интервале температур 300–450 К. На основании полученных данных ЭДС
для трехфазных областей Tl2Te3–TlTe–TlTmTe2 и TlTe–TlTmTe2–Tl9TmTe6 определены относительные
парциальные термодинамические функции TmTe в сплавах. Комбинируя эти функции с парциальными
молярными функциями тулия в TmTe, вычислены соответствующие парциальные функции тулия в указанных выше фазовых областях. Используя диаграмму твердофазных равновесий, составлены потенциалобразующие реакции, отвечающие за указанные парциальные молярные величины. С использованием составленных потенциалобразующих реакций впервые рассчитаны стандартные термодинамические функции образования и стандартные энтропии соединений Tl9TmTe6 и TlTmTe2.
Ключевые слова: система Tl–Tm–Te, Tl9TmTe6, TlTmTe2, функциональные материалы, рентгенофазовый анализ, диаграмма твердофазных равновесий, метод электродвижущих сил, термодинамические
функции.
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