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Abstract

Objectives: Chalcohalides of arsenic subgroup elements and solid solutions based on them are of great interest as functional
materials exhibiting thermoelectric, photoelectric, piezoelectric, optical, and other properties.

Experimental: This paper presents the results of a study of the thermodynamic properties of BiSI, BiSel, and BiS, Se Isolid
solutions using electromotive force (EMF) analysis. For this study, concentration cells of the type
(=) Bi (solid)/liquid electrolyte, Bi**/(Bi in alloy) (solid) (+)

were constructed and their EMFs were measured in the temperature range of 300-370 K. An ionic liquid, namely, morpholine
formate, was used as the electrolyte. To select the compositions of the right-hand electrodes, solid-state equilibria in the
BiSI-BiSel-Bil, system were studied using X-ray diffraction analysis. Continuous solid solutions of the BiSI-BiSel boundary
system were shown to form stable tie-line with Bil,. Using these data and literature information on boundary systems, a
fragment of the solid-phase equilibria diagram for the Bi-S-Se-I system was constructed. Based on constructed diagram,
the BiS,_Se I solid solutions of various compositions with a 2-3 mol % excess of Bil, and S,_ Se_were selected as electrode-
alloys for the aforementioned concentration cells. The partial molar functions of bismuth in the alloys were calculated
from the obtained pairs of E(mV) and T(K) values.

Conclusions: The constructed phase diagram made it possible to determine the virtual reactions of potential formation
corresponding to the aforementioned partial molar functions and calculate the standard thermodynamic functions of
formation and the standard entropies of bismuth thio- and selenoidide and BiS,_Se I solid solutions. The calculations were
performed using literature data on the corresponding standard integral thermodynamic functions of the Bil, compound
and S, Se alloysinvolved in potential-forming reactions. The thermodynamic functions of the BiSI and BiSel compounds
were compared with existing fragmentary literature data, and for solid solutions, they were determined for the first time.
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1. Introduction

Compounds of the BVXHal type (BY = As, Sb,
Bi; X =S, Se, Te; Hal = Cl, Br, I) and phases based
on them have recently attracted considerable
research interest due to their thermoelectric,
photoelectric, piezoelectric and optical properties
and are considered promising for several practical
applications in modern high technologies [1-7].
In addition, a number of compounds of this type
are Rashba semiconductors and are considered
good candidates for use in spintronic devices
[8-11].

The search and development of methods
for obtaining new multicomponent phases and
materials is based on data from fundamental
research on phase equilibria and the
thermodynamic properties of the corresponding
systems [12—-15]. One of the rational approaches
to the comprehensive investigation of these
characteristics is the incorporation of the
electromotive force (EMF) method into the
traditional set of experimental methods for
studying phase equilibria [15]. The EMF method,
being one of the most accurate equilibrium
methods of chemical thermodynamics [16—-18], is
widely used for the comprehensive investigation
of phase equilibria and thermodynamic properties
of inorganic systems. Thermodynamic data
obtained by this method, in addition to internal
consistency within an individual phase, are also
characterized by mutual consistency of their
values for all phases of the system and with the
phase diagram [15].

In practical thermodynamic investigations,
various modifications of concentration cells with
liquid [19-23] and solid electrolytes [24-28] are
employed. It should be noted that in most cases,
when studying chalcogenide and chalcohalide
systems by this method, it is advisable to conduct
experiments in the subsolidus region of the
phase diagram, i.e., below the melting point of
the corresponding chalcogen. The most widely
used electrolytes for such measurements have
been glycerol solutions of alkali metal salts, the
application of which has made it possible to
carry out thermodynamic studies even at room
temperature [16, 17, 29-31]. A number of studies
[32-35] have demonstrated the possibility of
using ionic liquids as electrolytes in such low-
temperature EMF measurements.
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To obtain new sets of mutually consistent
data for antimony and bismuth chalcoiodides,
we have carried out systematic investigations of
phase equilibria and thermodynamic properties
of a series of ternary BV-X-Hal systems [36—-40],
as well as some more complex systems including
these elements [41-45].

This study aimed to investigate solid-phase
equilibria in the composition area BiSel-BiSI-
Bil, (A) of the quaternary Bi-S-Se-I system and
to determine the thermodynamic functions of
the ternary BiSI, BiSel compounds, and BiS, Se I
solid solutions by the EMF method.

The BiSeI-BiSI and Bi S, I.-“Bi,,Se,.I.”
sections of the indicated system were studied
by us in [46, 47]. It was shown that the first is
characterized by the formation of a continuous
series of solid solutions, and the second — a wide
area of solid solutions (up to 70 mol %) based on
Bi S, I

1972773°

2. Experimental

For the thermodynamic study of solid solutions
along the BiSI-BiSel section, concentration cells
of the type

(-) Bi (solid) / liquid electrolyte,
Bi%* / (Bi in alloy) (solid) (+) (1)

were assembled and their EMF values were
measured in the temperature range of 300-370 K.

As it is known [15], when planning
thermodynamic experiments by the EMF
method, it is necessary to have reliable data
on phase equilibria in the studied system in
the temperature range of EMF measurements.
Taking this into account, we first carried out
experiments to determine the nature of solid-
phase equilibria in the BiSI-BiSel-Bil, (A)
subsystem. For this purpose, the Bil,, BiSel, and
BiSI compounds were synthesized. At the same
time, high-purity elementary components (not
less than 99.999 %) purchased from the Alfa
Aesar company were used. The synthesis was
carried out by co-melting of stoichiometric
amounts of constituent elements, weighed with
an accuracy of 10*g on analytical balances.
The synthesis was carried out in evacuated
quartz ampoules (~102 Pa) at temperatures 30—
50 K higher than their melting temperatures.
Taking into account the high vapor pressure
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of elemental iodine, sulfur, and selenium at
the synthesis temperatures [48], the synthesis
was performed in a two-zone inclined furnace.
The temperature in the upper “cold” zone was
maintained slightly below the boiling point of
iodine, while the temperature in the “hot” zone
was set at 30-50 K above the melting point of
the synthesized compound. Taking into account
that the ternary compounds BiSel and BiSI melt
with decomposition by peritectic reactions, the
samples were ground into powder, pressed into
tablets, and annealed at 750 K for 300 hours to
ensure complete homogenization. The phase
purity of all the synthesized initial compounds
was verified by X-ray diffraction analysis (XRD)
and differential thermal analysis (DTA), and the
results coincided with literature data [36,41,49].

Alloys of various compositions of system
(A) were prepared by melting the synthesized
and identified initial compounds at 850 K in
vacuumed quartz ampoules, which, after fusion,
were subjected to stepwise homogenizing
annealing: at 650 K for 300 h and 370 K for
100 h.

Powder diffraction patterns of annealed alloys
revealed that all alloys in the studied system
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consist of two-phase mixtures of BiS, Se I and
Bil,. As an example, Fig. 1 presents the powder
diffraction pattern of a sample with the nominal
composition 40 mol % BiSI + 40 mol % BiSel +
20 mol % Bil, (sample 1). Thus, according to the
XRD data, the solid-phase equilibria diagram of
system (A) at room temperature has the form
shown in Fig. 2.

For the correct selection of the compositions
of the electrode alloys of cells of type (1), it is
advisable to consider the ray lines originating
from the bismuth corner (reference electrode)
of the concentration tetrahedron Bi-S-Se-I and
passing through the BiSI-BiSel section, on which
the investigated BiS, Se I solid solutions are
located. For this purpose, using Fig. 2 and the
literature data on the boundary systems BiSI-Bil,
[36], BiSel-Bil, [41] and the binary S-Se system
[49], we constructed a fragment of the solid-phase
equilibrium diagram of the indicated quaternary
system (Fig. 3). As can be seen, the indicated ray
sections (red straight lines), passing through
the investigated section (points 1, 2, 3, 4), reach
the stable Bil,-S-Se plane (shaded triangle). In
this case, the rays passing through the extreme
points 1 and 4, corresponding to the compositions
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Fig. 1. Powder diffraction patterns of samples 1-3 in Fig. 2
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Fig. 2. Solid-phase equilibria diagram of the BiSel-Bi-
SI-Bilz system

of the BiSI and BiSel compounds, reach the lateral
sides Bil,-S (point 1') and Bil,-Se (point 2'),
respectively.

The ray lines passing through the intermediate
compositions of the BiSI-BiSel section (for
example, points 2 and 3) reach points 2’ and
3'. According to the phase diagram of the S-Se
system [49], alloys on the Bil-S-Se concentration
plane, depending on the S : Se ratio, consist of
mixtures of Bil, with single- or two-phase alloys
of this binary system.

Taking the above into account, BiS, Se I
samples with a small (2-3 mol %) excess of Bil,
and S, Se were used as electrode alloys in type
(1) cells. All of these samples are compositionally
aligned with the above-discussed ray lines and
consist of heterogeneous mixtures of BiS,_Se I,
bismuth triiodide, and S, Se_alloys. To bring the
electrode alloys into a state as close as possible
to equilibrium, after melting, they were subjected
to annealing under the above-mentioned
conditions.

Fig. 1 presents the powder diffraction
patterns of samples 2 and 3 marked in Fig. 2. As
can be seen, both samples exhibit a high degree
of crystallinity; their diffraction patterns are
identical and consist of reflection lines of y-solid
solutions of 20 and 80 mol % BiSel compositions
[46]. The absence of diffraction lines of Bil,
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Fig. 3. Fragment of the solid-phase equilibria diagram
of the Bi-S-Se-I concentration tetrahedron

and S,_Se_alloys is due to their insignificant
number.

To prepare the right-hand electrodes of the
cells of type (1), the annealed alloys were ground
into powder and then pressed into tablets with
a diameter of 7 and a thickness of 3-4 mm onto
molybdenum current wires.

Anionic liquid (morpholinium formate) with
the addition of BiCls was used as the electrolyte.
To obtain the ionic liquid, morpholine, formic
acid, and anhydrous BiClz were purchased
from Alfa Aesar. The ionic liquid was prepared
in accordance with the procedure described
in [50]: morpholine was poured into a three-
necked round-bottomed flask immersed in
an ice-water bath and equipped with a reflux
condenser, a dropping funnel for adding acid,
and a thermometer to monitor the temperature.
Formic acid was slowly (60 min) added dropwise
with vigorous stirring. Considering the exothermic

nature of this reaction, the temperature of the
mixture was maintained below 25 °C using an ice
bath. Stirring was continued for 4 h. The residual
amine or acid was evaporated under reduced
pressure (1-5 mmHg), and the remaining liquid
was additionally dried at 80 °C under the same
conditions.

To conduct EMF measurements, an
electrochemical cell of design described in [32]
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was assembled, evacuated, filled with argon to
a pressure of ~40 kPa, and placed in a specially
made tubular resistance furnace, where it was
thermostatted at a temperature of ~360 K for
three days. The temperature of the cell was
measured using chromel-alumel thermocouples
and a mercury thermometer with an accuracy of
£0.5 °C.

The EMF was measured using a high-resistance
(input resistance 10° Ohm) digital voltmeter
Keithley 2100 62, in the temperature range
of 300-370 K. The choice of the upper limit of
measurements is because at higher temperatures,
the alloys of the S-Se system melt [49], which
leads to a change in the phase composition of
the electrode alloys.

The first equilibrium values were obtained
after thermostating the cell under the above-
mentioned conditions, and subsequent
measurements were taken approximately every
4 h after the set temperature was established.
Values of EMF were considered equilibrium when
repeated measurements at a given temperature
differed from each other by no more than 0.5 mV,
regardless of the direction of the temperature
change.

3. Results and discussion

Fig. 4 shows the EMF measurement data for
cells of type (1). As can be seen, the numerical
values of EMF decrease monotonically with
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increasing selenium concentration in the
BiS, Se I'solid solutions, and for each sample, its
temperature dependence is linear. Considering
this, for thermodynamic calculations, the
experimental data were processed by the least-
squares method, and linear equations of the type

E=a+bT+t[(S}/m)+S; (T-T) | (2)

recommended in modern thermodynamic
literature [16, 17] were obtained. In equation (2),
n is the number of pairs of E and T'values; S, and
S, are the variances of individual EMF
measurements and the b-factor, respectively.
T —-isthe average absolute temperature; t is the
Student’s criterion. At a confidence level of 95 %
and a number of experimental points n > 20, the
Student’s t-test is t > 2. The resulting equations
of type (2) are presented in Table 1.

From the data in Table 1, using the
thermodynamic relations [16, 17]:

AG, =—2FE 3)
- oE
AHgi = —Z|:E—T(8—T)P:| =-zFa (4)
= oE
AS, =zF| — | =2zFb 5
Bi Z (aT)P Z ( )

(F = Faraday constant, 96485 C-mol-*; z = cation
charge, Bi®*), the relative partial Gibbs free
energy, enthalpy, and entropy of bismuth in the

3go .~ E, mV
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Fig. 4. EMF measurement data for type (1) cells for BiS,_Se I alloys
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Table 1. Equations for the temperature dependences of EMF for BiS, Se I alloys of various compositions

in the temperature range 300-370 K

Phase E,mV=a+bT*28 (T)
1.80 v
BiSI 370.35—0.0308T + 2[3—0+ 1.4-10%(T - 336.6)2}
: 1.41 v
BiS  Se I 344.48-0.0145T + 2[5—0 +1.1-10%(T - 536.6)2}
: 1.52 V2
BiS, (Se, I 322.13—0.0055T + z{é—o +1.2-1074(T - 336.6)2}
[1.84 1
Bi§, Se, I 296.54+0.0101T +2 '3—0 +1.4-10*(T -335.4)
[1.69 I
BiS,Se, I 279.70—0.0103T +2 é_o +1.3-10™*(T - 335.4)°
—1 48 1/2
BiSel 272.09—0.0394T +2 é—0+1.1-104(T—335.4)2

Table 2. Partial molar functions of bismuth in BiS,

Se I alloys at 298 K

Phase —AGy gmol —AHs ASgi, J-K-mol-!
BiSI 104.54+0.15 107.20+1.5 -8.93+3.41
BiS, e, I 98.46+0.13 99.711.01 -4.20%3.01
BiS, Se, I 92.77+0.13 93.24%1.05 -1.60+3.13
BiS, Se, | 86.71%0.15 85.84+1.16 2.94+3.44
BiS,,Se, I 80.07+0.14 80.96+1.11 -2.99+3.30
BiSel 75.36+0.13 78.76.£1.04 -11.39+3.09

alloys were calculated. The resulting partial molar
functions are presented in Table 2, and their
concentration dependence graphs are shown in
Fig. 5.

As can be seen from Fig. 5, all three functions
are continuous functions of composition, which
is in accordance with the formation of continuous
solid solutions in the studied system.

To calculate the integral thermodynamic
functions of BiSI, BiSel compounds, and BiS,_ Se I
solid solutions of various compositions, we
determined the equations of potential-forming
reactions using the schematic solid-phase
equilibria diagram of the Bi-S-Se-I system (Fig. 3)
[15]. It is easy to show that for BiSI and BiSel
compounds, they have the form:

4 _fﬁm , JJK mol™

y
BiSel

80} mol % BiSel

Em(A_Hui)y kJ'le-‘

Fig. 5. Concentration dependences of the partial mo-
lar functions of bismuth in the BiSI-BiSel system at
300K
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Bi (solid) + 0.5 Bil, (solid) + 1.5S (solid) =

= 1.5 BiSI (solid) (6)
Bi (solid) + 0.5Bil, (solid) + 1.5Se (solid) =
= 1.5BiSel (solid) (7

In accordance with these equations, the
standard Gibbs free energy of formation and the
enthalpy of formation of the specified ternary
compounds were calculated using the relations:

2 = 1 .
A,Z°(BiS) = ZAZu+ A ,Z°(Bil,) 8)

. 2 = 1 .
A;Z° (BiSel) = 3 AZgi + 3 A, Z° (Bily) )

where Z = G, H, and the standard entropies are
according to

S(BiSI) = %[AEE +S°(Bi)]+ %SO(Bils) +8°(S) (10)

S°(BiSel) =

_ 1
_ %[Asm +SO(Bi)]+ %SO(BiIB yesose. D

On the other hand, as shown above, the ray
lines passing through different compositions of
y-solid solutions reach the Bil.-S-Se concentration
triangle. Therefore, the overall potential-forming
reaction for them has the form

Bi (solid) + 0.5Bil, (solid) + 1.5(S,_Se ) (solid) =
= 1.5 BiS,_Se I (solid) (12)

According to equation (12), the standard

thermodynamic functions of solid solution
formation are calculated using the relations:

A,Z°(BiS, ,Se,)=

2. = 1, o . 0 (13)
=§AZBi+§AfZ Bil;))++A.Z°(S,_, Se,),
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and the standard entropies are —

S°(BiS,  Se, )=

2 - 0 . 1 0 . 0 (14)
= L [AS5 +S° D]+ S°Bil) +5°(5, , Se,).

In calculations using equations (8)-(11) and
(13)—(14), the values of standard entropies of
bismuth, sulfur, and selenium recommended in
modern reference literature (S°(Bi) = 56.90+0.42,
S°(S)=31.92+0.21, S°(Se) =42.13%0.21 J-mol K1)
[51] were used, as well as the standard integral
thermodynamic functions of Bil, compounds
and binary S, Se_alloys (x = 0.2, 0.4, 0.6, 0.8).
ForS,_Se alloys,the values of AH’and A S° were
taken from [52], and the standard entropy was
calculated by combining the data from [52] with
the above-given values of the standard entropies
of elemental sulfur and selenium (Table 3). For
Bil,, the values of the functions A H° and S°given
in the reference books [53, 54] were used, and A.G°
was calculated based on them (Table 4).

The obtained values of the standard integral
thermodynamic functions are presented in
Table 4. As can be seen, our data on ternary
compounds are very close to those given in [32].
Thermodynamic data for BiS, Se Isolid solutions
have been determined for the first time. Their
analysis shows a consistent decrease in the
numerical values of the Gibbs free entropy and
enthalpy with increasing selenium concentration.
The behavior of the functions AS° and S° is
different: the formation of solid solutions is
accompanied by an increase in the values of these
functions from the stoichiometric compositions
of the ternary compounds and passes through
a maximum at approximately the composition
BiS, Se, I, which is apparently associated with
the contribution of the configurational entropy
of the solid solutions.

Table 3. Standard integral thermodynamic functions of S, Se_alloys [52]

phase | ~AC°Q98K) | -AH'(298K) AS Q8K | 5°(298K)
kJ-mol~! J-K-*-mol-!

S0.55€,, 0.54 -0.8 4.5 38.5+0.3

S065€0.4 0.84 -0.8 5.5 41.5%0.3

S0.45€,6 0.88 -1.0 6.3 44.4*0.3

S0.5€05 0.69 -0.8 5.0 45.1+0.3
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Table 4. Standard integral thermodynamic functions of the Bil,, BiSI, BiSel compounds and BiS,_Se I

solid solutions

basa AG'(298K) | A,H(298K) AS°(298K) |  S°(298K)
kJ-mol~! J-K-*mol~!

Bil, [53, 54] 148.8+8.0 150.6%6.3 - 224.7+6.3
BiSI [32] 119.5£2.7 121.2+2.5 - 141.1%3.9
BiSI 119.3+2.8 121.7£2.9 ~8.1#4.3 138.8+4.8
BiS, Se,,l 115.3+2.8 115.942.8 ~2.0+4.3 148.0+4.8
BiS, Se, I 112.3£2.8 111.6£2.9 2.3+4.2 152.74.7
BiS, ,Se, 108.22.9 106.4%3.0 6.0%4.3 158.9+4.9
BiS, ,Se, I 103.7%2.9 103.5%3.0 0.7+4.4 154.6%4.9
BiSel 99.8+2.8 102.7+2.8 ~9.7+4.2 147.4+4.6
BiSel [32] 100.0+2.8 102.4%2.5 - 148.6%3.6

4. Conclusions

Thus, we present new, consistent sets of
thermodynamic data for the phases of the BiSI-
BiSel system, obtained by measuring the EMF of
concentration cells with an ionic liquid as the
electrolyte relative to a bismuth electrode. To
rationally plan experiments and process their
results, a solid-phase equilibria diagram of the
BiSI-BiSel-Bil, system and a fragment of the
phase diagram of the Bi-S-Se-I system in the
corresponding region were constructed using
X-ray diffraction (XRD). The relative partial
Gibbs free energy, enthalpy, and entropy of
bismuth in the alloys were calculated from the
EMF measurements. Based on the schematic
phase diagram of the Bi-S-Se-I system, the
virtual potential-forming reactions responsible
for the indicated partial molar quantities were
established. Using the obtained equations
of potential-forming reactions, the standard
thermodynamic functions of formation and the
standard entropy of BiSI and BiSel compounds, as
well as BiS, Se I'solid solutions of compositions
x = 0.2, 0.4, 0.6, 0.8, were calculated. The
thermodynamic functions of BiSI and BiSel
compounds are in good agreement with the
literature, whereas those for solid solutions have
been determined for the first time.
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