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a b s t r a c t

The solubility of YbTe in Sb2Te3 is investigated by a combination of DTA, XRD, SEM, and EMF methods.
The fragment of the T–x phase diagram of the YbTe–Sb2Te3 system is constructed for 0–25 mol.% YbTe.
It is shown that the solubility limit for YbTe in Sb2Te3 is achieved at 15 mol.% YbTe at 300 K and at
17.5 mol.% YbTe at 855 K. From the EMF measurements with an YbTe electrode the partial thermodynamic
vailable online 8 April 2011
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functions of the YbTe pseudo-component are calculated for the alloys of different compositions. Also, the
standard integral thermodynamic functions of the YbTe dissolution in Sb2Te3 as well as the standard
thermodynamic functions of formation and the standard entropy of the solid solution are calculated
from the experimental data.

© 2011 Elsevier B.V. All rights reserved.

hermodynamic properties

. Introduction

Binary and ternary tellurides of heavy p-elements are low-
ap semiconductors, which are deemed as “matrices” for creation
f new and better thermoelectric materials [1–3]. These sys-
ems include tellurides of rare-earth metals and antimony or
ismuth [4–6]. Recently, YbSb2Te4 was found to have perspective
hermoelectric properties; the dimensionless figure-of-merit that
haracterizes its thermoelectric efficiency almost reaches 0.5 at
10 K [6]. The synthesis and investigation of the ytterbium anti-
ony tellurides is hampered by the uncertainty of the ternary

b–Sb–Te phase diagram. For instance, it was reported in the liter-
ture [4] that the YbTe–Sb2Te3 quasi-binary system contains two
ernary compounds YbSb2Te4 and YbSb4Te7; the former melts with
ecomposition at 923 K, whereas the latter melts congruently at
43 K. It was proposed [4] that both compounds have structures
elated to the cubic Th3P4 type, which was not supported by any
ind of structural investigation. On the contrary, the analysis of the
-ray powder diffraction pattern hinted for the layered hexago-
al/trigonal structure of YbSb2Te4 [6], similar to the structure of

bSb2Te4, which is a 21-layer derivative of the tetradymite struc-
ure [7]. Moreover, although the solubility of YbTe in Sb2Te3 was
eported not to exceed 6 mol.% [4], this value is doubtful as soon
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as the achievement of equilibrium was not controlled properly in
that work, and the admixtures of YbTe can be clearly viewed on the
reported XRD patterns.

The creation of new thermoelectric materials with optimized
properties requires controlling over their chemical composition
and knowledge of their chemical properties and synthetic path-
ways. Keeping this in mind, we present in this work the results of
the experimental determination of solubility of YbTe in Sb2Te3 and
thermodynamic parameters of the corresponding solid solution.
This work is a step on the way to new telluride-based thermoelec-
tric materials with optimized properties.

2. Experimental

The binary compounds Sb2Te3 and YbTe were synthesized by melting stoichio-
metric amounts of the pure elements Sb (99.999%), Yb (99.99%), and Te (99.999%) in
sealed silica and niobium tubes, respectively, according to the literature procedures
[4,8]. The quality of the synthesized compounds was checked using DTA and XRD
analysis, which confirmed their purity. Alloys in the YbTe–Sb2Te3 system with 5,
10, 12.5, 15, 17.5, 20, 22.5, and 25 mol.% YbTe were prepared by melting the stoi-
chiometric quantities of the pre-synthesized binary tellurides. The starting mixtures
were sealed in niobium tubes under vacuum (∼10−2 Pa) such that the free volume
was minimized and heated to 1000 K. Then the resulting melts were cooled down to
820 K and annealed at 820 K for about 2000 h to achieve equilibrium. Throughout the
annealing temperature was controlled and maintained within the accuracy of 2 K,
ensuring that no volatile component leaves the sample and that the composition of
the resulting alloys strictly corresponds to the stoichiometry of the starting mixture.
Differential thermal analysis (DTA) was performed using the NTR-70 pyrometer
equipped with chromel–alumel thermocouples, with the ramp rate of 7–8 K min−1.
X-ray powder diffraction (XPD) analysis was done with the X’Pert MPD Difractome-
ter (Cu-K� radiation). Scanning electron microscope Philips-XL30FEG was employed
for the microstructure analysis.
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Table 1
Temperature dependence of EMF for the chains of type (1) in the range of 300–400 K.

Phase composition E (mV) = a + bT ± 2SE(T)

� (5 mol.% YbTe) 223.1 + 0.118T ± 2

[
2.4
22

+ 7.5 × 10−5(T − 362.8)2
]1/2

� (10 mol.% YbTe) 171.6 + 0.124T ± 2

[
1.6
22

+ 5.1 × 10−5(T − 362.8)2
]1/2

T
P

ig. 1. A fragment of the phase diagram for the system YbTe–Sb2Te3 (bottom) and
he concentration dependence of the EMF for the chains of type (1) (top).

Electromotive force (EMF) measurements were performed for the reversible
oncentration chains

−) YbTe (s)|liquid electrolyte, Yb+3|(Yb–Sb–Te) (s) (+) (1)

In the chains (1), YbTe with the 0.01 at.% excess of tellurium was used as the left
lectrode; the equilibrium alloys of the YbTe–Sb2Te3 systems with the desired com-
osition were used as the right electrode. The electrodes were prepared by pressing
he alloys onto molybdenum contacts in the form of cylinders with the mass of 0.5 g.
he solution of chemically pure anhydrous CaCl2 in glycerin was used as the elec-
rolyte. Prior to use, analytically pure glycerin was degassed and dried by pumping
t 400 K to remove traces of water and oxygen. EMF was measured by the compen-
ation method in the temperature range of 300–400 K, using the high-resistance
niversal B7-34A digital voltmeter. In each experiment the first reading was per-
ormed after keeping the electrochemical cell at 380 K for 40–60 h, and then 3–4 h
fter reaching each desired temperature, which ensures the achievement of equi-
ibrium. The construction of the electrochemical cell and the measuring procedure
re described in detail elsewhere [9,10].

All our attempts to perform EMF study with the concentration chains based on
etallic ytterbium failed. We observed sharp drop of the voltage from the starting

alues of about 1000 mV to 400–600 mV, although the expected value should have
een higher than 800 mV [8].

. Results and discussion

.1. Solubility of YbTe in Sb2Te3

Based on the DTA data obtained using the annealed alloys, the
ragment of the YbTe–Sb2Te3 phase diagram (0–25 mol.% YbTe) is

onstructed (Fig. 1). It is clear the solubility limit of YbTe in Sb2Te3
anges from 15 mol.% at 300 K to 17.5 mol.% at 855 K; from here
n this solid solution is named the �-phase. The eutectic point is
ound to have the composition corresponding to 22 mol.% YbTe. The

able 2
artial thermodynamic functions of the YbTe pseudo-component in the solid solution (Yb

Phase composition −�GYbTe (kJ mol−1)

� (5 mol.% YbTe) 74.762 ± 0.360
� (10 mol.% YbTe) 60.373 ± 0.297
� (15 mol.% YbTe) 40.886 ± 0.308
� (15 mol.% YbTe) 100.7 + 0.136T ± 2

[
1.7
22

+ 5.5 × 10−5(T − 362.8)2
]1/2

two-phase region below the eutectic line seems to consist of the �-
phase and the solid solution based on YbSb4Te7, which is labeled
the �-phase according to the literature [5].

The XRD data confirm that the alloys containing up to 15 mol.%
YbTe are single-phase, whereas the alloys having from 17.5 to
25 mol.% YbTe contain admixtures (Fig. 2). The XRD patterns for
different YbTe contents within the �-phase resemble that of pure
Sb2Te3, the only difference being the peak positions. Upon increas-
ing the YbTe content, the rhombohedral unit cell parameters
decrease only slightly. For instance, the addition of 10 mol.% YbTe
gives the following decreasing of the unit cell parameters compared
to the pristine Sb2Te3: �a = 0.015 Å and �c = 0.05 Å. The analysis
of the XRD patterns of the two-phase alloys (17.5–25 mol.% YbTe)
confirms that the side phase does not show structural similarities
with the cubic Th3P4 type. Rather, it has another variant of the lay-
ered structure typical for antimony and bismuth chalcogenides and
chalcogen-halides [1,7,11]. Further confirmation of the XRD results
comes from the SEM data. Fig. 3 clearly shows that the sample with
15 mol.% YbTe is phase-pure, whereas the alloy having 20 mol.%
YbTe consists of two phases.

The results of the EMF measurements for the chains of type (1)
allowed us more accurate determination of the concentration limit
for the �-phase (Fig. 1). The voltage was found to decrease upon
increasing the YbTe content up to 15 mol.%. At higher YbTe content,
the voltage remains constant irrespective of the alloy composi-
tion. The constancy of the voltage in the two-phase region points
at the unchangeable composition of two phases coexisting under
equilibrium conditions.

3.2. Thermodynamic functions

The linear least-square treatment of the EMF data was per-
formed [12] and the results were expressed according to the
literature recommendations [13] as

E = a + bT ± t

[
ı2

E

n
+ ı2

b(T − T̄)
2
]1/2

, (2)

where n is the number of pairs of E and T values; ı2
E and ı2

b
are the

error variances of the EMF readings and b coefficient, respectively;
T̄ is the mean absolute temperature; t is the Student’s test, which
does not exceed 2 for n ≥ 20 at the confidence level of 95% [12].
Table 1 summarizes the results for different YbTe contents within

the �-phase. Using these equations the relative partial thermody-
namic functions of the pseudo-component YbTe in the �-phase
at 298 were calculated (Table 2). In fact, these functions are the
difference between the partial molar functions of Yb in YbTe and

Te)x(Sb2Te3)1−x at 298 K.

−�HYbTe (kJ mol−1) �SYbTe (J K−1 mol−1)

64.58 ± 1.82 34.16 ± 5.01
49.67 ± 1.50 35.89 ± 4.13
29.49 ± 1.56 39.37 ± 4.29
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Fig. 2. XRD patterns for different compositions

Fig. 3. SEM microphotographs of the alloys in the YbTe–Sb2Te3 system with 15 (a)
and 20 (b) mol.% YbTe.
in the YbTe–Sb2Te3 system (color online).

in the �-phase. It is clearly seen from Fig. 4 that the isotherms of
the partial thermodynamic functions of YbTe have distinct kinks at
15 mol.% YbTe, the partial entropy exhibiting drastic changes near
the limiting composition.

By integration of the Gibbs–Duhem equation

Z(YbTe)x(Sb2Te3)1−x
= (1 − x)

∫ x

0

�ZYbTe

(1 − x)2
dx (3)

(�Z = �G and �H; x is the molar fraction of YbTe in the alloys)
the thermodynamic functions �G and �H of dissolution of YbTe in
Sb2Te3 were calculated. The entropy of the dissolution was calcu-
lated using the Gibbs–Helmholtz equation:
�S = �H − �G

T
(4)

The results of the calculations are shown in Table 3. By combin-
ing them with the corresponding thermodynamic data for YbTe and

Fig. 4. Dependence of the relative partial thermodynamic functions of YbTe on the
composition in the YbTe–Sb2Te3 system.
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Table 3
Standard integral thermodynamic functions of the YbTe dissolution in Sb2Te3.

Composition −�sG0 (298) (kJ mol−1) −�sH0 (298) (kJ mol−1) �sS0 (298) (J K−1 mol−1)

(YbTe)0.05(Sb2Te3)0.95 4.37 ± 0.04 3.73 ± 0.16 2.15 ± 0.55
(YbTe)0.1(Sb2Te3)0.9 7.83 ± 0.06 6.61 ± 0.31 4.09 ± 0.92
(YbTe)0.15(Sb2Te3)0.85 10.03 ± 0.08 8.01 ± 0.46 6.78 ± 1.45

Table 4
Standard thermodynamic functions of formation and standard entropy of phases in the YbTe–Sb2Te3 system.

Compound −�fG0 (298) (kJ mol−1) −�fH0 (298) (kJ mol−1) S0 (298) (J K−1 mol−1)

Sb2Te3 [8,13] 56.9 ± 2.1 56.5 ± 1.3 246.4 ± 3.3
YbTe [12] 288.9 ± 0.5 297.8 ± 2.2 79.1 ± 7.1
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[
2979.

[14] V.S. Yungman (Ed.), Data Base of Thermal Constants of Substances. Digital Ver-
(YbTe)0.05(Sb2Te3)0.95 72.9 ± 2.0
(YbTe)0.1(Sb2Te3)0.9 87.9 ± 1.9
(YbTe)0.15(Sb2Te3)0.85 101.7 ± 1.9

b2Te3 the standard integral thermodynamic functions of forma-
ion were calculated for the solid solution (�-phase). The estimated
tandard deviations were calculated by accumulating errors. It
hould be noted that the thermodynamic data for YbTe and Sb2Te3
sed in this work are reliable (Table 4). The standard integral ther-
odynamic functions for YbTe were previously determined by the

MF method [8]. The standard enthalpy of formation and entropy
or Sb2Te3 are similar to those given in modern reference books
14,15]. The standard Gibbs free energy calculated from these data
grees well with the results of the original study based on the EMF
easurements [9].

.3. Conclusions

The solubility of YbTe in Sb2Te3 is shown to have the limiting
omposition at 15 and 17.5 mol.% YbTe at 300 and 855 K, respec-
ively, which is confirmed by a combination of the DTA, XRD, SEM,
nd EMF study. The solid solution (�-phase) retains the structural
eatures of Sb2Te3. Partial relative thermodynamic functions of
bTe in the �-phase as well as the thermodynamic functions of
issolution of YbTe in Sb2Te3 were obtained based on the results of

he EMF measurements. The calculated standard Gibbs free energy
nd enthalpy of formation of the �-phase are negative and show
n increase of the absolute value with increasing the YbTe content,
hereas the standard entropy shows an opposite trend.

[

72.3 ± 1.4 239.8 ± 3.7
87.2 ± 1.4 233.3 ± 4.1

100.7 ± 1.5 227.2 ± 4.5
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