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Abstract

Tin- and antimony-based alloys, including SnSb and other compounds of the AVBY type, are used for the production of
anodes for Li*- and Na‘ion batteries. Multicomponent solid solutions allow varying the properties of the material and
improve the technical characteristics of the anodes. There is very little information in the literature about solid phase
solubility in the Sn—As-Sb system, and the phase diagram of the system has not been studied yet. The aim of this paper
was to study the polythermal sections SnAs—Sb and SnAs—SnSb using the X-ray diffraction analysis (XRD) and differential
thermal analysis (DTA), as well as to construct a phase equilibria scheme for the Sn—As—Sb system with the range of tin
concentrations of less than 50 mol%.

The alloys of the polythermal sections SnAs—Sb and SnAs—SnSb were obtained from pre-synthesized binary compounds
and then subjected to homogenizing annealing. The obtained powdered samples were then investigated using differential
thermal analysis (DTA) and X-ray diffraction analysis (XRD).

The XRD results showed that all the studied alloys were heterophase mixtures of solid solutions (SnAs), (SnSb) and o,
where o/’ is a solid solution of tinin the As, Sb_phase. The concentration range of solid solutions based on binary compounds
at room temperature was below 10 mol %. The DTA demonstrated that in several alloys of the two sections the first
endothermic effect was observed at the same temperature (393+2 °C). This temperature corresponds to the peritectic process
involving the above-mentioned phases: L + o” <> (SnAs) + (SnSb).

Using the DTA method and the XRD data, T—x diagrams of polythermal sections SnAs—Sb and SnAs—SnSb were constructed.
The coordinates of the invariant peritectic equilibrium L + o < (SnAs) + (SnSb) were determined; a scheme of phase
equilibria in the Sn—As—Sb system with the range of tin concentrations of less than 50 mol % was proposed. To construct
a complete scheme of phase equilibria in the ternary system, it is necessary to further investigate the SnAs-Sn,Sb, and
Sn,As.—-Sn,Sb,sections.
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1. Introduction

The latest technological advancements
stimulate the research and development of new
high-energy, reliable, and long lifespan devices
for energy conversion and storage. Owing to their
natural abundance, low cost, and environmental
benignity, sodium- and potassium-ion batteries
are a promising alternative to commonly used
lithium-ion batteries [1-3]. However, the low
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energy density and poor life cycle stability
limit their commercial applications [2, 4]. The
development of high-performance electrode
materials is one of the key issues in the production
of next-generation alkali-ion batteries.

Anodes based on alloys including Si, Ge, Sn,
P, As, Sb, and Bi, have been actively investigated
over the past few years [2,4-22]. The intermetallic
compound SnSb is one of the best materials for the
production of anodes for Li*-ion batteries and is a
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promising material for the production of Na*-ion
batteries [4—-10]. There are two reasons for this.
First, SnSb contains two elements active toward
Li. Hence, the uptake and release of lithium ions
occurs in the presence of two lithium phases. The
formation of a more stable compound of lithium
and antimony Li Sb results in an increase in
volume, which is buffered by the ductile phase
of tin. This prevents any significant alterations in
the volume that may lead to the decomposition of
the anode material [5-7]. Second, the SnSb phase
has a layered crystalline structure (rhombohedral
lattice, space group R-3m) [23, 24], which allows
for easy intercalation of of ions of alkali metals
into the interlayer space.

Some other compounds of type A'VBValso have
layered structures [25-27], and were tested as
anode materials and intercalates [11-22, 28]. For
instance, tin phosphide Sn P, has the same crystal
lattice [26] as SnSb, and is one of the best anode
materials for Li*- and Na'-ion batteries [11-16].

One of the ways to enhance the technical
characteristics of anodes is to increase the
number of elements in the system and to use
solid solutions based on pure compounds, rather
than the compounds themselves. Modifying
the composition of a solid solution we can
significantly extend the functional characteristics
of the material. This means that it is important
to analyse the nature of phase equilibria in
multicomponent systems. It was determined
that a continuous series of solid solutions Sn P, -
Sn,As.and substitutional bounded solid solutions
based on SnAs and SnP, [29-32] is formed in the
system Sn—As-P. Taking into account that Sn,P.,
Sn,As,, Sn,Sb, and SnSb have identical crystal
lattices [24-26], while phosphorus, arsenic, and
antimony are electronic analogues, and the atoms
of As and Sb are close in size (the system As—Sb
demonstrates complete miscibility [33]), we can
expect the formation of ternary solid solutions in
the system Sn—As—Sb as well.

To date the phase diagram of this system
has not been well studied. [34] mentions that
the earliest study, published in 1919, suggested
the possibility of existence of a ternary chemical
compound, but its crystalline structure was not
determined; later studies did not confirm this
suggestion but indicated high miscibility of
rhombohedral SnSb and cubic SnAs. It is therefore
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important to study the phase equilibria in the
ternary system Sn—-As—Sb.

The binary systems limiting the ternary system
Sn—-As-Sb, contain four chemical compounds.
Arsenide Sn As_decomposes peritectically, while
SnAs melts congruently [35]. The composition
and structure of the two intermediate phases of
the system Sn-Sb still cause a lot of controversy.
All the previously published versions of the phase
diagram of Sn-Sb are thoroughly analysed in
[23]. In this study, we used the phase diagram
described in [24], which is based on a rigorously
conducted experiment using a set of modern
research methods. According to [24], SnSb and
Sn,Sb, have incongruently melting phases with
wide homogeneity regions. Therefore, none of
the sections of the studied ternary system can
be quasi-binary.

The aim of this paper was to study the
polythermal sections SnAs—Sb and SnAs—SnSb
using X-ray phase analysis (XRD) and differential
thermal analysis (DTA) and to construct a phase
equilibria scheme for the Sn—-As-Sb system
with the range of tin concentrations of less than
50 mol%.

2. Experimental

The alloys whose compositions correspond
to the polythermal sections SnAs—Sb and SnAs—
SnSb were obtained in two stages. The binary
phases were preliminary obtained by means of
direct melting of simple chemical substances:
Sn-5N tin (99.999 %), As-5N arsenic (99.9997 %),
and Sb-000 antimony (99.99%). Arsenic was
preliminary purified from oxides by vacuum
sublimation. The samples were weighed using
electronic scales AR2140 (measurement error
*1-10-*g). The alloys were synthesized in quartz
ampoules vacuumed to the residual pressure
of 5-10-*hPa. The three-component samples
underwent homogenizing annealing at 300 °C
for 150 hours. The samples were then cooled in
the furnace.

X-ray phase analysis was performed using an
ARLX’TRA diffractometer with Bragg-Brentano
©-0 focusing geometry. The source of radiation
was an X-ray tube with a copper anode which
had the following characteristics: maximum
capacity - 2200 W; A(Cu-K_)) = 0.1541 nm;
MCu-K_ ) = 0.1544 nm. The X-ray patterns were
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made with a step size of 0.04° and a counting time
of 3 seconds per step. The error for determining
the interplanar distances d, ,was below 5-10~*nm.
The obtained patterns were interpreted using
the Powder Diffraction File of the International
Centre for Diffraction Data (ICDD PDF-2, 2012).

Differential thermal analysis (DTA) was
performed using a furnace with a programmed
heating rate of 5 deg./min and chromel-alumel
thermocouples. The signal received from the
thermocouples was digitized and processed
by the MasterSCADA software package. The
reference sample was calcined aluminium oxide
placed in a Stepanov quartz vacuumed vessel
of approximately the same size as the quartz
ampoules containing the studied substances.

The calibration benchmarks for the system
were pure substances: tin (232.1 °C), tellurium
(449.7 °C), and antimony (630.9 °C) [36]. The
error for temperature measurement was below
£2°. Since the alloys of the studied system have a
tendency to undercool, the temperature of phase
transformations was determined by the heating
curves.

3. Results and discussion

Fig. 1 demonstrates X-ray powder diffraction
patterns of certain alloys of the polythermal
section SnAs-Sb. When the concentrations
of antimony in the samples are low, the
diffractograms show peaks attributable to three
phases: solid solutions based on tin monoseride
(SnAs) and antimony monoseride (SnSb), and
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tin solid solution in the phase As,_ Sb (o).
Since the alloy containing 10 mol% of Sb was
not single-phase (Fig. 1a), we can conclude that
the concentration range of the SnAs-based solid
solution along the section SnAs—Sb at room
temperature is below 10 mol%.

The peak shift occurring due to the alteration
of the alloy compositions indicates the formation
of a SnAs-based solid solution. It is even
better demonstrated by the increase in the
interplanar distances and the cubic lattice
parameter (Table 1). The samples with antimony
concentrations of less than 50 % demonstrated
few (SnAs) peaks which were of very low intensity,
since (SnAs) is formed in these alloys only during
secondary or tertiary crystallization and in very
small quantities.

The lines corresponding to the solid solution
(SnSb) and shifted toward greater angles as a
result of substitution of antimony atoms with
smaller arsenic atoms, were observed in the X-ray
powder diffraction patterns of all the samples.

For all the samples, the 100% intensity
line corresponded to the solid solution o’'.
The number of peaks of this phase increased
with higher concentrations of antimony in
the alloys. A significant shift of the lines
following the alteration of the composition of
the samples indicated a significant difference
in the composition of this phase. This resulted
from the change in the direction of the connodes
connecting the melting point and the composition
of the crystallised o/-phase.

Table 1. Interplanar distances (d, nm) and the lattice parameter (a, nm) of the SnAs-based solid

solution present in the alloys of the section SnAs-Sb

SnAs The composition (mol. f. Sb) of the alloys of the section SnAs— Sb
hkl d 0.10 0.20 0.30 0.40 0.50
111 0.3306 0.3308
200 0.2862 0.2869
220 0.2024 0.2042 0.2054 0.2045 0.2045
311 0.1726 0.1730 0.1749 0.1752
222 0.1652 0.1655 0.1686
400 0.1431 0.1433 0.1470 0.1473 0.1474
331 0.1312 0.1319 0.1332 0.1332 0.1332 0.1349
420 0.1280 0.1281 0.1299
422 0.1168 0.1170 0.1198 0.1198 0.1196
511 0.1101 0.1102 0.1113 0.1134
Lattice 0.5725 0.5735 0.5799 0.5824 0.5900 0.5977
parameter, a
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Fig. 1. X-ray powder diffraction patterns of the polythermal section SnAs-Sb: a — 0.10, b — 0.70 mol.f. Sb.

Designations: e — (SnSb), m — (SnAs), A — o

The study of the second polythermal
section SnAs-SnSb by means of XRD analysis
demonstrated that the samples also contained
three solid solutions: (SnAs), (SnSb), and o’
(Fig. 2). (SnAs) peaks were dominant in the
samples with less then 20 mol% of SnSb (Fig. 2a).
Then their number and intensity decreased, and
the most intense lines corresponded to the solid
solution (SnSb) (Fig. 2b). Table 2 presents the
calculations of the lattice parameters of the solid
solution based on tin monoseride. It is impossible
to evaluate the composition of the solid solution
using Vegard’s law, since SnAs and SnSb have
crystal lattices of different types.

The peaks of phase o are present in the X-ray
powder diffraction patterns of all the samples, but
their number and intensity are relatively small.
Judging by the absence of single-phase alloys, we
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can conclude that the solid phase solubility along
the section SnAs-SnSb at room temperature is
below 5 mol%.

Differential thermal analysis demonstrated
that in several samples of the studied sections
the first endothermic effect was observed at
nearly the same temperature of 393%2 °C (Fig. 3).
In order to interpret the experimental results of
the DTA correctly and construct T-x diagrams
of the sections, we analysed the crystallization
processes of the alloys.

Fig. 4 shows the representation of the
T-x-y diagram of the ternary system limited
by binary systems. The polythermal section
SnAs-Sb intersects the fields of primary
crystallization of the SnAs-based solid solution
and the solid solution o. For the alloys whose
compositions correspond to the absegment,
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Fig. 2. X-ray powder diffraction patterns of the polythermal section SnAs—SnSb: a — 0.05; b — 0.90 mol.f. SnSb.
Designations: e — (SnSb), m — (SnAs), A - o

Table 2. Interplanar distances (d, A) and the lattice parameter (a, A) of the SnAs-based solid solution
present in the alloys of the section SnAs-SnSb

SnAs The composition (mol. f. SnSb) of the alloys of the section SnAs — SnSb
hkl d 0.05 0.10 0.20 0.30 0.40 0. 60
111 0.3306 0.3306 0.3306
200 0.2862 0.2865 0.2866 0.2876
220 0.2024 0.2026 0.2029 0.2028 0.2040 0.2043
311 0.1726 0.1728 0.1729 0.1740 0.1753 0.1758
222 0.1652 0.1654 0.1654 0.1680 0.1687
400 0.1431 0.1433 0.1434 0.1437 0.1437 0.1439
331 0.1313 0.1316 0.1317
Lattice
0.5725 0.5730 0.5732 0.5742 0.5780 0.5829 0.5909
parameter, a
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Fig. 3. Thermograms of alloys (SnAs), Sb , (a) and (SnAs), ,(SnSb),, (b)

primary crystallization is carried out according to
the L « (SnAs) scheme; secondary crystallization
corresponds to line e U, (L < (SnAs) + o);
the process ends at U,. For the alloys whose
compositions correspond to the bcsegment,
primary crystallization occurs in the solid
solution o (its composition is different for
different alloys); then the figurative melting
point falls either on the curve e,U,, or the curve
p,U,, along which the peritectic process L+ o
< (SnSb) occurs. For one of the compositions,
secondary crystallization does not occur, and the
figurative point falls directly on U..

Thus, for all the alloys of the section SnAs-—
Sb the crystallization process ends at U, which

Condensed Matter and Interphases, 2020, 22(1), 106-115

lies outside the trapezium As—SnAs-SnSb-Sb. It
is at this point that the temperature is 393%2 °C,
which allows for the peritectic transformation
L+ o <> (SnAs) + (SnSb). On the T-x diagrams of
the polythermal sections (Fig. 5) U, corresponds
to the horizontal, below which there are only
solid phases.

The polythermal section SnAs—SnSb also
intersects the fields of primary crystallization of
solid solutions (SnAs) and o’. The sequence of
the crystallization processes of the alloys whose
compositions correspond to segments ad and df
is the same as that of the alloys corresponding
respectively to segments as and éc on the section
SnAs-Sb. TheT-x diagram of the section SnAs—
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Fig. 4. Scheme of phase equilibria in the Sn—As—Sb ternary system

SnSb is shown in Fig. 5b. The second horizontal
at the temperature of 408+2 °C is accounted for
by the fact that after primary crystallization of
(SnAs) the figurative melting point falls at the
same point (d) on the monovariant curve e,U,,and
secondary crystallization of several alloys begins
at the same temperature.

The triple points on T-x diagrams of the
sections (Fig. 5b) correspond to points b and d
on the curve e U, (Fig. 4). Thus, the results of
the DTA allow to determine the coordinates
of the monovariant equilibrium line e U,. This
curve intersects the section SnAs-Sb at the
temperature of 500+2 °C and the composition
(SnAs) .Sb ... It intersects the section SnAs—
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SnSb at the temperature of 408+2 °C and the
composition (SnAs),, (SnSb) .

Theline startingat U, (Fig.4) separates the fields
of primary crystallization of phases (SnAs) and
(SnSb). The eutectic process L <> (SnAs)+(SnSb)
occurs along this line. This process should end
at a four-phase equilibrium point. But in order to
determine the character of this equilibrium we
need to analyse the polythermal sections SnAs—
Sn,Sb, and Sn,As.~Sn Sb..

Assuming that a continuous solid solution is
formed between Sn,As, and Sn,Sb, (which is quite
probable, since they have the same crystalline
structure and similar lattice parameters), we can
suggest that the second four-phase equilibrium
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Fig. 5. T-x diagrams of the polythermal sections
SnAs — Sb (a) and SnAs — SnSb (b)

point U, corresponds to the peritectic process
L+ (SnAs) < (Sn,As,), (Sn,Sb,) + (SnSb).

4. Conclusions

The analysis of polythermal sections SnAs—
Sb and SnAs-SnSb by X-ray phase analysis
demonstrated that all the alloys include three
phases, specifically solid solutions based on
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SnAs and SnSb, and a solid solution of tin in
phase As, Sb (o). The concentration range of
the solid solution based on tin monoarsenide
along the section SnAs—Sb at room temperature
is below 10 mol%; the solid phase solubility
along the section SnAs—SnSb is below 5 mol%
on both sides. Using the results of the differential
thermal analysis and the XRD data T-x diagrams
of polythermal sections SnAs—Sb and SnAs—-SnSb
were constructed. It was determined that at a
temperature of 393+2 °C the invariant peritectic
equilibrium L + o <> (SnAs) + (SnSb) is present
in the ternary system Sn—-As—Sb. To construct a
complete scheme of phase equilibria in the ternary
system, further investigation of the SnAs-Sn,Sb,
and Sn,As,-Sn,Sb.sections is necessary.
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