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The powder X-ray diffraction (PXRD) analysis and the electromotive force (emf) measurements have been
used to investigate the Sh—Te-S system in the Sh2Ss3-Sh2Tes-Te-S composition region at 300-450 K temperatures
interval. Relative partial molar functions of antimony in alloys have been calculated and obtained data have been
used to get self-consistent sets of the standard Gibbs free energy, standard enthalpy, and standard entropy of the
Sh2Ss and Sh2Te2S compounds, as well as the Sh2Tez24So,6 and Sh2Tez7So,3 solid solutions. The data obtained for
Sh2S3 have been compared to the ones available in the literature. Thermodynamic functions of the Sb.TezS
compound, as well as the Sh2Te2,4S0,6 and Sh2Te2,7S0,3 solid solutions have been determined for the first time.
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Introduction

The layered tetradymite mineral — Bi,Te,S and its
analogues BY Te;X (BY = Sb, Bi; X=S, Se) have individual
functional properties [1-7]. Due to promising electro-
physical properties, these compounds have been at the
center of consideration of researchers since the middle of
the last century. The discovery of a three-dimensional
topological insulator (TI) [8-10] which demonstrates
special transport properties of electrons has led to
increased interest in tetradymite-like layered compounds
and doped phases based on them [11-16]. It was observed
that solid solutions previously known as thermoelectrics
[17-22] demonstrate Tl properties [23-25] with various
possible applications in quantum computers, medicine,
magnetic storage media, security systems, spintronics etc.
[26-30].

Thermodynamic properties of compounds and solid
solutions are considered their fundamental characteristics
and together with phase diagrams they create a pillar for
synthesis, crystal growth, doping, optimization etc. of
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related materials [31,32].

Thermodynamic properties of Sh,S; and Sh;Tes
compounds were investigated by different methods and
gathered in numerous electronic databases and handbooks
[33-36]. However, there is not any published data about
thermodynamic study of the Sh,Te,S ternary compound.

Phase relations in the Sh,Tes-Sh,S; quasi-binary
system at first were studied by authors of [37]. According
to their results, phase diagram is characterized as of
eutectic type without any intermediate compound.
However, recently [38] a new tetradymite phase - Sh,Te;S
located in the Sh,Tes-Sh,S; system has been discovered.
According to [38], Sb,Te.S has a rhombohedral R3
structure with following lattice constants: a = 10.129(1),
¢ = 23.763(1). In this work, the Sh,Te,S compound was
not detected in the phase diagram of the Sb,Tes-Sh,S3
system. Consequently, we have re-investigated the phase
diagram of the Sb,Tes-Sh,Ss3 system in detail [39]. It was
determined that, there is one ternary compound - Sh,Te,S
in this quasi-binary system melting at 758 K. Refined
structural parameters were also reported in [39]:
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a=4.1675 A, c=29.483 A.

Considering above mentioned information, main goal
of the present contribution is to investigate solid-state
equilibria of the Sb-S-Te ternary system in the Sb,Ss-
Sh,Tes-Te-S  composition region and determine
thermodynamic properties of the chalcogenide phases in
the system by means of the emf measurements.

Various modifications of this method are widely used
to investigate binary and more complex inorganic
compounds [40-46]. During the study of metal
chalcogenide phases, it is reasonable to carry out emf
measurements in a temperature range below the solidus of
corresponding system. For low-temperature
measurements, the most relevant electrolytes are glycerol
solutions of alkali metal salts [40-44]. Recent studies show
that [45, 46], ionic liquids can also be used as a liquid
electrolyte in these experiments.

I. Experimental part

For rational planning of experiments, the solid phase
equilibria in the Sh,Ss-Sh,Tes-Te-S concentration area of
the Sh-Te-S system have been investigated. Considering
experimental PXRD results of thermally treated alloys
together with the existing information on the phase
diagram of the Sh,Ss-Sh;Tes [39] and boundary binary Sh-
S(Te); S-Te systems [47], the schematic phase diagram of
the Sh-S-Te ternary system in the Sb,Ss;-Sh,Tes-Te-S

(—)Sb (solid)|glycerol + Sh3*|Sh — S — Te(solid) (+)

were prepared and their EMF measurements were
provided at the 300-450 K temperature range.
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Fig. 1. Equilibrium phase diagram of the Sh—Te—S system
in the Sh,S3-Sh,Tes-Te-S composition region at 300 K. A,
B and C represent the composition of the alloys whose X-
ray image is shown in Fig. 2.

An elemental antimony was used as the left electrode
in the cell of type (1). Compositions of the right electrodes
have been chosen based on the solid phase diagram (Fig.1)
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composition interval was constructed at room
temperature. These data suggest that, at room temperature
the phase diagram of the Sh,S3-Sh,Tes-Te-S subsystem
should have the form shown in Fig. 1.

In order to determine borders of phase areas in the
indicated concentration area, the Sh,Sz; + Te, Sb,Te.S+Te,
B (80 mol% Sb,Tes) +Te and B (90 mol% SbyTesz) +Te
mixtures in the 2:1 weight ratio have been prepared and
analysed bv the PXRD method. High purity elemental
components have been used for synthesis: Sb (Sigma
Aldrich, 99.999%), S (Alpha Aesar, 99.999%) and Te
(Sigma Aldrich, 99.999%). The alloys were prepared from
presynthesized and identified compounds and high-purity
elemental tellurium in quartz ampoules pumped down to
~107 Pa. After melting at 1000 K, the samples were
cooled to 700 K and held there for 500 hours [39, 48].

X-ray powder diffraction patterns were collected on a
Bruker D2 PHASER diffracttometer with CuK. radiation
within 20=5°-70° range. The powder diffractograms of the
obtained equilibrium samples are given in Fig. 2. As can
be seen from Fig. 2, all three equilibrated alloys consist of
Sb,S3 + Te, Sb,Te,S+Te, B (80 mol% Sb,Tes)+Te two-
phase mixtures. Existence of two-phase mixtures along
the Sh,S3-Sh,Tes system has proved that in the indicated
concentration field, all phases are in a direct connode
connection with elemental tellurium.

For the experimental study of the Sb-Te-S system by
the EMF method, the concentration cells of the type

@)

of the system. As it is obvious from the diagram, the ray
lines coming from the Sb corner of the concentration
triangle and passing through the stoichiometric
composition of the Sh,Te,S compound and the boundary
composition of the B (80 mol% Sb,Tes) solid solution
enter the Sh,Ss+ Sh,Te,S + Te and Sh,TesS + B (80 mol%
Sh,Tes) +Te three-phase fields, respectively. It shows that
[40,49], to study thermodynamic properties of these
phases, the equilibrium alloys taken from the indicated
three-phase fields can be used as right electrodes in the
concentration cell of the type (1). Hence, the alloys of the
40, 60, 70, 80 and 90 mol% Sh,Tes; composition along the
Sh,S3 + ShyTes system with excess of ~2 wt.% of Te have
been synthsized according to the above given
methodology. To adapt the state of samples closer to the
temperature of EMF measurements, thermal treatment at
700K was followed by holding them at ~400 K for an
additional 100 hours.

An electrolyte - glycerol solution of anhydrous KCI
(Sigma Aldrich, 99.999%) with an addition of 0.1 wt.% of
anhydrous ShCl; (Merck, 99.999%) have been used as an
electrolyte during experiments. Due to the presence of
moisture or oxygen in the electrolyte, glycerol was
thoroughly dehydrated and degassed at ~450 K under a
dynamic vacuum and anhydrous chemically pure salts
were used. Preparation of the electrolyte and electrodes, as
well as assembly of the electrochemical cell (1) were put
into practice as described in [42-44, 49].

Experimental data were collected

using the
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Fig. 2. X-ray powder diffraction patterns of the alloys A, B and C in the Fig.1:alloy A - Sh,Ss+5Te;
alloy B - Sh,Te,S+5Te; alloy C - 80%Sh,Te; +5Te.

Keithley 2100 6 1/2 Digital Multimeter. 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. Repeated measurements at
given temperature did not differ from each other by more
than 0.2 mV regardless of whether the temperature was
increased or decreased.

I1. Results and discussions

The emf measurements showed their reproducibility
and well agreement with Fig. 2. The E—x diagram (Fig. 3)
shows that, the emf is a monotonous function of
composition within the homogeneity region of the B-
phase. However, it remains constant independent of the
overall composition of the electrode alloy in the
Sh,Ss + Sh,Te2S and Sh,TesS + B (80 mol% Sb,Tes) two-
phase fields on the T-x diagram of the Sb,Ss;-Sh,Tes
system. Moreover, the analysis of the temperature
dependences of the emf of the alloys in the indicated areas
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has shown that they are practically linear (Fig. 4). It shows
that the compositions of coexisting phases in the given
heterogeneous areas in the studied temperature range are
constant, and it gives a base for estimations of the partial
entropy and enthalpy from values of the temperature
coefficients of the emf [49-51]. Given this, collected
experimental emf and temperature data were analyzed
using least squares method to yield linear equations of the
form E = a + bT (2) [49-53]. The calculation procedure
for the Sh,S;+S+Te phase area has been illustrated in
Table 1. Temperature dependencies of the emf data for the
Sb,Ss+Sh,Te,S+Te; szTezs+B(Sb2T92,4So,6) +Te and
B (SbaTe27Se3) +Te phase regions of the SbySs-SbyTes-
Te-S system are given in the Table 2.

Obtained linear equations of the type (2) are presented
in the Table 3 in the form recommended by [40]:

E=a+bT *+t [(Sh% n) +5§ (T — T)Z] 112 @)
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Fig. 3. Relationship between the EMF of concentration Fig. 4. Temperature dependences of the emf for cells
chains of type (1) and alloy composition. of the type (1) in the Sh—Te-S system. Phase fields:

(1) ShySz+S+Te; (2) ShySs+Sh,Te,S+Te; (3)
szTEzS'l'B(Sb2T82,4So,6)+Te; (4) B (szTEz,7So,3)+Te.

Table 1.
Computer-processed emf measurement results for a sample from the Sb,S3+S+Te phase field of the Sb-Te-S system
Ti, K Ei, mV Ti—T Ei(Ti—T) (Ti—T)? E Ei—E | (Ei—E)?
301.2 246.13 -39.04 -9608.09 1523.86 246.86 -0.73 0.53
302.9 248.22 -37.34 -9267.71 1394.03 246.77 1.45 2.09
305.1 247.31 -35.14 -8689.65 1234.59 246.66 0.65 0.42
307 246.27 -33.24 -8185.19 1104.68 246.57 -0.30 0.09
309.8 246.98 -30.44 -7517.25 926.39 246.42 0.56 0.31
312.2 247.44 -28.04 -6937.39 786.05 246.30 1.14 1.29
316.1 245.86 -24.14 -5934.24 582.58 246.11 -0.25 0.06
319.3 246.75 -20.94 -5166.12 438.34 245.94 0.81 0.65
322.8 245.01 -17.44 -4272.16 304.04 245,77 -0.76 0.57
326.4 244.98 -13.84 -3389.71 191.45 245.59 -0.61 0.37
328.6 246.03 -11.64 -2862.97 135.41 245.47 0.56 0.31
331.2 243.15 -9.04 -2197.27 81.66 245.34 -2.19 4.81
333.9 244,89 -6.34 -1551.79 40.15 245.21 -0.32 0.10
337.2 243.35 -3.04 -738.97 9.22 245.04 -1.69 2.86
340.5 245.67 0.26 64.69 0.07 244.87 0.80 0.63
342.8 245.58 2.56 629.50 6.57 244.76 0.82 0.68
345.3 243.42 5.06 1232.52 25.64 244.63 -1.21 1.47
347.4 244,74 7.16 1753.15 51.31 24453 0.21 0.05
349.1 243.99 8.86 2162.56 78.56 244.44 -0.45 0.20
353 245.12 12.76 3128.55 162.90 244.24 0.88 0.77
356.1 244,53 15.86 3879.06 251.65 244.09 0.44 0.20
358.9 243.82 18.66 4550.49 348.32 243.94 -0.12 0.02
361.3 242.01 21.06 5097.54 443.66 243.82 -1.81 3.29
362.7 243.75 22.46 5475.44 504.60 243.75 0.00 0.00
365.1 243.14 24.86 6045.27 618.19 243.63 -0.49 0.24
369.4 242.43 29.16 7070.07 850.50 243.41 -0.98 0.97
371.6 244.74 31.36 7675.86 983.66 243.30 1.44 2.07
373.8 244,17 33.56 8195.16 1126.50 243.19 0.98 0.96
376.5 242.92 36.26 8809.09 1315.03 243.06 -0.14 0.02
379.9 244,21 39.66 9686.18 1573.18 242.88 1.33 1.76
T =340.236 | E =244.887 > =-863.37 > =17092.79 » =27.77
here a and b are constant coefficients, n is the number of indicated areas had been calculated from these linear

data points (E and T), t is Student’s t, is the variance of an equations (Table 3) using the following thermodynamic

individual emf measurement, and is the variance of the relations:

coefficient b. For a number of data points n = 30 and a

95% confidence interval, we have t <2. AGg, = —zFE (3
The partial molar functions of antimony in the
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Table 2.
Experimental data for temperature (T;,) and emf (E;) for
the ShyS3+Sh,Te,S+Te (1); SboTeaS+B(SbaTe24So6) +Te
(I11); and B (Sb2Te2.7S0.3)+Te (I11) phase areas
of the Sh-Te-S system

Ei, mV
Phase area
| 1] 11
301.2 212.45 130.15 117.21
305.9 212.72 129.22 118.09
310.1 209.38 127.28 119.28
315.6 213.74 131.14 116.94
321.8 213.01 130.91 115.36
326.2 208.94 129.04 116.04
330.1 210.86 129.86 118.26
336.3 210.15 132.95 115.95
340.8 209.71 129.11 117.11
344 209.98 130.28 117.48
349.6 211.03 132.03 118.73
353.2 208.15 129.85 116.85
357.1 207.89 133.29 118.09
361.6 210.35 133.85 116.85
366.3 207.67 132.17 116.17
370.9 208.58 131.68 118.68
375.1 209.42 133.02 117.02
379.4 209.94 134.94 119.94
382.1 207.18 131.18 116.18
386.5 210.12 132.72 117.82
390.1 208.53 135.03 121.03
395.9 209.82 134.82 117.82
399.3 208.01 136.61 120.61
405.7 207.75 133.15 122.15
408.9 208.94 136.24 121.24
413.1 206.43 135.43 118.08
417.3 207.74 133.24 120.74
422.5 208.17 138.17 121.17
426.7 209.92 134.92 121.92
430.2 208.11 135.13 120.13
AS,, = zF (3—?)}) = 2Fb ()
AHg, = —zF [E -7 (Z—j)P] = —zFa (5)

SO(Sh,Te,S) = 1 %Eﬂ, + 1§S°(Sb) +25°(Te) + §5°(5b253)

S°(Sb,Te,4S0,6) = 0.8ASs, + 0.85°(Sh) + 1.25°(Te) + 0.65°(Sh,Te,S)

The calculation of the standard thermodynamic
functions of the formation of B-solid solutions of the
Sh,Tez7Sos composition was carried out by graphical
integration of the Gibbs-Duhem equation along the
Sh,Tes-Sh,Ss section according to the well-known method
[40,49].

Obtained results are presented in Table 4.
Uncertainties were evaluated by the error accumulation
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Obtained relative partial molar functions of antimony
in the alloys are presented in Table 4.

Sh,Sz is the only compound in the Sb-S binary system.
Therefore, the partial molar functions of antimony in the
Sh,Ss + S +Te phase field correspond to the

Sb(s) +1.5-S(s) = 0.5-Sb,S5(s) (6)
potential-generating reaction. This reaction is like the
reaction of formation of Sh,S; compound from its
elemental components. Therefore, the corresponding
partial molar functions of antimony are thermodynamic
functions of Sh,S3 formation for 1 g/at of antimony.

The standard integral thermodynamic functions of
formation (Z = G, H) and standard entropy of Sb,Sz were
calculated using the following relations:

(7
8)

Taking into account the constancy of the
compositions of the coexisting phases in the three-phase
regions Sh,Ss+Sh,Te,S+Te and
Sh,Te,S+P(SbaTe24S0s) +Te, the standard integral
thermodynamic properties of the Sh,Te,S compound and
the limiting composition of beta-solid solutions
(Sb2Te24S06) were calculated by the method of potential-
forming reactions [40,49]. According to Fig.2, the partial
molar functions of Sb in the above three-phase regions are
thermodynamic functions of the following potential-
forming reactions:

S (Sb,S5) = 2ASg, + 2 S°(Sh) + 3 S°(S)

Sb +0.25 Sb,S; + 1,5 Te = 0.75 Sbh,Te,S 9)
Sb +0.75 Sh,Te,S + 1.5 Te = 1.25 Sh,Te; 45,6 (10)
According to these reactions, the standard
thermodynamic functions for the formation of ternary
phases were calculated from
A;Z°(Sh,Te,S) = 1§ﬁﬂ, + gAfZO(szsg) (11)
ArZ°(ShyTe, 4S06) = 0.8AZg), + 0.6A:Z°(Sh,Te,S) (12)

relations, and their standard entropies - using following
equations:

(13)

(14)

method. In calculating the integral thermodynamic
functions, we used, in addition to the data in Table 4, the
standard entropies of antimony (45.7 + 0.6 J/(mol K)),
sulfur (319 + 0.2 J/(mol K)), and tellurium
(49.5 £ 0.2 J/(mol K)) [35]. Table 5 also contains
published data on the thermodynamic functions of Sb,Ss3
and Sh,Tes. Our results for the Sh,Ss differ very little from
the data recommended by [33,34]. The thermodynamic
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Table 3.
Equations of the temperature-dependent emf of cells of the type (1) in some phase fields
of the Sb,Ss-Sh,Tes-Te-S system
Phase field E=a+bT £25¢(T)
SbaS3+S+Te 267.07 - 0.0505T + 2 [% +5.4 - 10 (T — 340.2) 2]%2
Sb;Ss+Sh,Te,S+Te 180.96 - 0.0312T + 2 [% +3.8-10° (T - 367.5) 2]42
Sb,Te;S+B(Sh2Tez4So6)+Te 112.0 + 0.056T + 2 [% +2.1- 105 (T - 367.5) 2]*2
B (SbaTe27S03)+Te 106.3 + 0.033T + 2 [% +4.8-10% (T - 367.5) 2]42
Table 4.
Partial molar functions of Sb in alloys of the Sb,Ss-Sh;Tes-Te-S system (298 K)
Phase field -AGgy -AHg, -ASgp
kJ-mole? Jmolet-K*?
ShyS3+S+Te 71,50 +£ 0,09 75,86 £ 0,72 -14,624+2,13
Sb,S3+Sh,Te,S+Te 49,69 £ 0,15 52,38 + 0,66 -9,04+1,80
Sb,TesS+B(ShyTe24S0s)+Te 37,25+0,15 32,42+ 0,75 16,21+2,02
B (SbyTez7S03)+Te 33,62 +0,15 30,77 £ 0,75 9,56+2,02
Table 5.

Standard integral thermodynamic functions of the phases in the Sb—S-Te system

Phase field -AGg, | -AHg, AS° S0 Reference, method,
kJ-mole Jmole-K* temperature
Sh,S3 143,0+0,2 151,7£1,5 -29,2+4.3 157,7+5,9 This work, EMF
140.29 141.80 - 182.17 [33] recommended
140.5+4.2 141.8+4.1 - 182.0+3.3 [34]
156.08 157.74 - 181.6+4.2 [35]
Sh,Te,S 113,9+0,3 120,4+1,4 -21,9+3,7 200,2+5,5 This work, EMF
B(SbaTez.4S06) 98,1+0,4 98,2+1,1 -0,3+3,8 228,9+5,7 This work, EMF
B(SbTes7S03) | 82,704 79,9413 9,4+4,0 243,8+6,1 This work, EMF
Sh,Te; 64,46+0,18 59,06+0,98 8,0+2,8 247 514 4 [36] EMF, 300-450 K

functions of tetradymite (Sb,Te,S) and a tetradymite-
based solid solution with the Sh,Te24So6 and ShaTe27So 3
compositions have been estimated by us for the first time
(Table 5).

Conclusion

The Sb—S-Te system has been studied using PXRD
and emf measurements in the SbySs-SbyTes-Te-S
composition region at the 300-450 K temperatures range.
The relative partial molar functions of antimony in alloys
have been calculated. Taking into consideration the solid
phase diagram of the Sh,S3-Sh,Tes-Te-S subsystem, the
potential-generating reactions which have then been used
to calculate the standard Gibbs free energy, standard

enthalpy, standard entropy of the SbySs, ShyTe.S
compounds, as well as Sh,Te24S06 and Sh,Te27S03 solid
solutions were determined. The present results for Sb,S3
compound supplement and improve thermodynamic data
available in the literature, whereas the thermodynamic
functions of the ternary phases have been determined for
the first time.
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TBepaodasni piBHOBAru Ta TEpMOAMHAMIYHI BJACTUBOCTI
cucremu Sb-Te-S

L Azepbatiosicancoxuii depacagnuil ynigepcumem nagpmu ma npomuciosocmi (ASOIU), Azepbaiioscan, baxy,
fariz_ar@hotmail.com
2Iucmumym xamanizy ma neopeaniunoi ximii (ICIC), Azepbaiioocan, Baxy,
SBaxumncoruil inocenepnuii ynisepcumem (BEU), Asepbatioscan, baxy,
A®panxo - Asepbatioacancoruii ynieepcumem (UFAZ), Azepbaiioncan, Baxy

Jitst nocmimkennst cuctemu Sh-Te-S B o6macti ckinany Sh2Ss-SheTes-Te-S B inTepBani temmepatyp 300—
450 K BUKOPHCTAHO MIOPOLIKOBHUIA peHTreHiBehkui aHami3 (PXRD), a Takosk BUMIpIOBaHHS IEKTPOPYIIIHHOT CHITH
(EPC). Po3paxoBaHO BiIHOCHI MapIiianbHi MOJsIpHI (QYHKIII CypMH B CIIaBax Ta BiITIOBiIHI JTaHI BUKOPHCTAHO
JUISL OTPUMAaHHS CaMOY3TODKEHUX HaOopiB cTaHmapTHOi BuUTbHOI eHeprii ['i00ca, cranmapTHOI eHTanbIii Ta
cranmapTHOi eHtpomii cronyk Sb2S3 i ShaTe2S, a takox TBepaux posuuniB Sb2Te24Soe Ta Sh2Tez7S03. Hdawi,
otpuMani ms Sb2Ss, mopiBHIOBaNM i3 HasBHUMH B JliTeparypi. Brepiie BU3HAUCHO TepMOAMHAMIYHI (yHKIIi
crionyku Sh2Tez2S, a Takok TBepaux po3unHiB Sh2Te24S06 Ta Sh2Te2,7S03.

KirouoBi caoBa: cymnedin cypmm, Temypun cypmm, SheTezS, Tterpammmirt, BumiproBanus EPC,
TEPMOJANHAMIYHI BIACTUBOCTI.
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