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INTRODUCTION

Knowledge of phase equilibria and thermodynamic
properties of phases is of key importance in designing
techniques and optimizing conditions for the fabrica�
tion of multicomponent inorganic materials.

Metal chalcogenides, in particular, thallium chal�
cogenides, and related phases are of interest for the
development of advanced semiconducting, thermo�
electric, and other functional materials.

The ternary system Tl–Se–Br has been studied in
detail in the composition region Tl–TlBr–Se [1–6].
Blachnic and Dreisbach [1] investigated the pseudobi�
nary join TlBr–Tl2Se and identified a compound of
compositionTl5Se2Br, melting congruently at 745 K.
Tl2Se was shown to dissolve up to ~20 mol % TlBr at
650 K.

Tl5Se2Br has a tetragonal structure (Tl5Te3 type, sp.
gr. I4/mcm) with lattice parameters а = 8.594 Å and
b = 12.788 Å (Z = 4) [2] and forms a eutectic with
TlSe [3].

According to Peresh et al. [4], the TlBr–TlSe sys�
tem is also pseudobinary and has a simple binary
eutectic. At the same type, a later study [5] revealed a
monotectic equilibrium in this system.

Babanly et al. [6] constructed the Т–х–у phase
diagram of the Tl–Se–Br system in the Tl–TlBr–Se
composition region, a number of vertical sections, and
the 400�K isothermal section of the phase diagram and
identified primary crystallization fields and the types
and coordinates of invariant equilibria. The homoge�
neity region of Tl5Se2Br was shown to extend well
beyond the pseudobinary join TlBr–Tl2Se toward the
selenium corner.

The purpose of this work was to accurately deter�
mine the homogeneity region of Tl5Se2Br and to study

the thermodynamic properties of Tl5Se2Br�based solid
solutions.

EXPERIMENTAL

We used earlier data [6] to optimize sample compo�
sitions for studies of the TlBr–Tl2Se–TlSe system by
X�ray diffraction (XRD) analysis (DRON�2 diffracto�
meter, CuK

α
 radiation) and emf measurements and

select synthesis and heat�treatment conditions.

Tl2Se and TlSe were synthesized by a sealed�
ampule technique: high�purity components (TL�000
thallium and OSCh 17�3 selenium) were reacted at
700–750 K in ampules pumped down to ~10–2 Pa.
TlBr was synthesized as described elsewhere [7].
Metallic thallium was dissolved in dilute (5%) H2SO4
at ~350 K. Dilute HBr was added to a boiling 2%
Tl2SO4 solution until complete precipitation occurred.
After cooling, TlBr was separated from the mother
liquor, washed with distilled water, and dried for a long
time in a drying oven at 110–120°C. Since TlBr is dif�
ficult to recrystallize, the residual mother liquor was
removed by multiple boiling with water, followed by
suction filtration. The product was dried in a desicca�
tor over KOH at 390–400 K and stored in the dark to
avoid photodecomposition.

The synthesized compounds were identified by dif�
ferential thermal analysis and X�ray diffraction. TlBr–
Tl2Se–TlSe samples were prepared by melting appro�
priate mixtures of the binary compounds and elemen�
tal selenium in evacuated silica ampules. The alloy
compositions chosen lay on the lines connecting
TlSe with the Tl5Se2Br–Tl5Se3 join at 20, 40, 60, and
80 mol % Tl5Se2Br. The alloys were annealed at
650 K for 300 h, at 550 K for 1000 h, and finally at
400 K for 300 h.

Composition Range and Thermodynamic Properties 
of Tl5Se2Br�Based Solid Solutions

D. M. Babanly
Institute of Chemical Problems, Academy of Sciences of Azerbaijan, pr. Javida 29, Baku, AZ1143 Azerbaijan

e�mail: Babanly_mb@rambler.ru
Received March 31, 2010

Abstract—The equilibrium subsolidus phase diagram of the TlBr–Tl2Se–TlSe system has been mapped out
using X�ray diffraction analysis and emf measurements on thallium concentration cells. Tl5Se2Br has been
shown to have a broad homogeneity region. The emf results are used to evaluate the relative partial thermo�
dynamic functions of the thallium in the alloys studied and the standard integral thermodynamic functions
(ΔG0(298 K), ΔH0(298 K), S0(298 K)) of the Tl5Se2Br�based solid solutions.

DOI: 10.1134/S002016851106001X



584

INORGANIC MATERIALS  Vol. 47  No. 6  2011

 BABANLY

In emf measurements, we used concentration cells of the type

(–) Tl (s) | liquid electrolyte, Tl+ | (TlBr–Tl2Se–TlSe) (s) (+), (I)

with electrodes of pure metallic thallium (left�hand
electrode) and equilibrated TlBr–Tl2Se–TlSe alloys
(right�hand electrode).

The left�hand electrode was made by attaching
metallic thallium (99.99+% purity) to a molybdenum
current lead. Given that thallium and the alloys under
consideration readily oxidize in air even at room tem�
perature, before assembling the cell the electrodes
were stored in glycerol, which is nonreactive with
metallic thallium [8].

The right�hand electrode was fabricated by press�
ing powder of an equilibrated alloy onto a current lead
in the form of a cylindrical pellet ~8 mm in diameter
and 3–5 mm in thickness.

The electrolyte used was a glycerol solution of KBr
with TlBr additions. Given that the electrolyte must be
free of moisture and oxygen, the glycerol (analytical
grade) was thoroughly dried and degassed at ~400 K
under dynamic vacuum, and reagent�grade KBr and
TlBr were used.

The procedures utilized to set up electrochemical
cells and measure their emf are described in detail
elsewhere [6, 9]. The emf was measured from 300 to
430 K by a compensation technique using a V�7�27
digital voltmeter. The equilibrium emf was first mea�
sured 40–60 h after the cell had been held at 380 K;
subsequently, measurements were taken every 3–4 h
after the temperature had stabilized. Equilibrium was
thought to be reached when emf values obtained in
repeated measurements at a given temperature dif�
fered by no more than 0.5 mV, independent of whether
the temperature was raised or lowered.

RESULTS AND DISCUSSION

Figure 1 shows the composition dependences of
the 300�K emf for Tl2Se–Tl5Se3–Tl5Se2Br alloys with
compositions along lines issuing from the Tl2Se corner.
The alloy compositions in one of the constituent bina�
ries are given by (0.333TlBr ⋅ 0.667Tl2Se)1 – x(Tl2Se)x

with x = 0, 0.14, 0.31, 0.50, 0.73, and 1 (1–6).

The emf of alloy 6 (pure Tl2Se) differs very little
from that reported by Vasil’ev et al. [10], and those of
alloys 1 –5 are in excellent agreement with data pre�
sented in Babanly et al. [6] (Fig. 2).

All the other alloys were prepared by adding TlSe to
alloys 1–6. As seen in Fig. 1, the emf of alloy 1
(Tl5Se2Br) is 449 mV and remains unchanged on the
addition of TlSe. A different picture is observed for
alloys 2–5: with increasing TlSe content, the emf
increases until points 2 '–5 ' are reached and then
remains constant, independent of the overall compo�
sition. The (Tl5Se2Br)1 – у(Tl5Se3)у alloy compositions
with у = 0, 0.2, 0.4, 0.6, and 0.8 at points 2 '–5 ' lie on
the Tl5Se3–Tl5Se2Br join.

Thus, the present emf data indicate that the Se�rich
phase boundary of the Tl5Se2Br (δ) and Tl2Se�based
(α) solid solutions almost coincides with the Tl5Se3–
Tl5Se2Br join. Note also that, in the constituent binary
system Tl2Se–TlSe, the emf is a continuous function
of composition in the range 0–30 mol % TlSe. Tl5Se3

(alloy 6') lies beyond the homogeneity region of the
(Tl2Se�based) α�phase (Fig. 1), in accordance with
the phase diagram of the Tl–Se system [11] and data
reported by Vasil’ev et al. [10].

The above data, in conjunction with XRD results,
were used to construct the subsolidus phase diagram of
the Tl2Se–TlSе–Tl5Se2Br system (Fig. 2). As seen in
Fig. 2, the homogeneity regions of the α� and
δ�phases extend well beyond the pseudobinary system
Tl2Se–Tl5Se2Br, into the Tl2Se–TlSе–Tl5Se2Br
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Fig. 1. Composition dependences of the 300�K emf of
concentration cells of the type (I) for Tl2Se–TlSe–
Tl5Se2Br alloys; (1–6; 2 '–6 ') see text.
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composition triangle, reaching the Tl5Se2Br–Tl5Se3

join. As a result, the homogeneity region of the
δ�phase considerably broadens, whereas the α + δ

two�phase region narrows down, transforming into an
α  δ morphotropic phase boundary. XRD charac�
terization of thoroughly homogenized alloys 2 '–5 '
showed that their XRD patterns were very similar to
that of Tl5Se2Br (Fig. 3).

To assess the thermodynamic properties of the
δ�phase along the Tl5Se2Br–Tl5Se3 join, the emf data
for alloys 2 '–5 ' were represented by least squares lin�
ear equations [12] of the form [13] (Table 1)

where  is the variance of b,  is the variance of an
individual emf measurement, n is the number of data

points (Е and Т),  is the average temperature, and t is
Student’s t. For n ≥ 20 (this study) and a 95% confi�
dence interval, we have t ≈ 2.

In addition, Table 1 gives the equations derived ear�
lier [6, 14] for the temperature�dependent emf of the
Tl5Se3 and Tl5Se2Br alloys. From the data in Table 1,
using well�known thermodynamic relations [9] we
evaluated relative partial molar thermodynamic func�
tions of the thallium in the alloys at 298 K (Table 2).

Figure 4 demonstrates that the partial thermody�
namic properties of thallium in the Tl5Se2Br–Tl5Se3

system are continuous functions of composition. In
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particular, the structure�sensitive function (Tl) is
monotonic in the composition range 0–80 mol %
Tl5Se3, which indicates, together with the XRD data in
Fig. 3, that the structure of the alloys undergoes no
qualitative changes.

The integral thermodynamic functions of the
(Tl5Se2Br)1 – у(Tl5Se3)у solid solutions were evaluated
by integrating the Gibbs–Duhem equation as
described elsewhere [9, 15]. In addition to the data in
Table 2, we used the standard thermodynamic func�
tions of formation and standard entropies of TlSe [10,
16] and Tl5Se2Br [6] (Table 3). Uncertainties were
evaluated by the error propagation method.

It follows from Table 3 that the standard heat and
Gibbs energy of the (Tl5Se2Br)1 – у(Tl5Se3)у solid solu�
tions decrease considerably with decreasing bromine
content. The likely reason for this is that the energy of

SΔ

80

60

40

20

80604020

TlBr

δ + TlBr + TlSe

δ + TlBr

δ + TlSe

1
2

3

4
5

6

α + δ

α

δ
2'

3'

4'

5'

TlSeTl2Se

mol %
α + TlSe

m
ol

 %

6'

Fig. 2. Subsolidus phase diagram of the Tl2Se–TlSe–TlBr
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the predominantly ionic Tl–Br bond significantly
exceeds that of the Tl–Se bond, which has an ionic–
covalent–metallic character.
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