
ISSN 0020�1685, Inorganic Materials, 2015, Vol. 51, No. 7, pp. 650–654. © Pleiades Publishing, Ltd., 2015.
Original Russian Text © L.T. Denisova, Yu.F. Kargin, L.A. Irtyugo, V.M. Denisov, 2015, published in Neorganicheskie Materialy, 2015, Vol. 51, No. 7, pp. 714–718.

650

INTRODUCTION

Bismuth pyrostannate, Bi2Sn2O7, has attracted
researchers' attention because it combines unique
properties, which allow it to be employed as a catalyst,
a sensitive material in gas sensors for carbon monoxide
detection in the presence of other gases, etc. [1–7]. At
the same time, there are very limited and, in a number
of cases, contradictory data on the properties of
Bi2Sn2O7. This refers primarily to phase equilibrium
data for the Bi2O3–SnO2 system. Three phase dia�
grams of this system have been reported to date [1, 8–
10]. According to early studies [8], the Bi2O3–SnO2
system contains only one compound, Bi2Sn2O7, which
melts congruently at 1638 K and undergoes solid�state
decomposition at temperatures below 873 K. Accord�
ing to Kargin et al. [1], Bi2Sn2O7 melts congruently at
1678 K and is stable at temperatures below 873 K.
Note that, in their study, all experiments were carried
out in platinum crucibles. The Bi2O3 + Bi2Sn2O7
eutectic was found to contain 2 mol % SnO2 and melt
at 1098 K.

Asryan et al. [9, 10] carried out their experiments in
alundum crucibles. According to their results, the
eutectic contains 6 mol % SnO2 and melts at 1033 K,
and the Bi2Sn2O7 compound melts incongruently at
1573 K. Their Bi2Sn2O7 samples contained 0.19 at %
Al after solid�state synthesis in alundum crucibles and
2.15 at % Al after differential thermal analysis (DTA)
scans. It cannot be ruled out that the distinction of
their results from what was reported by Kargin et al. [1]
was due to contamination of the Bi2O3–SnO2 samples
with aluminum. Denisov et al. [11] examined the
effect of interaction with Al2O3 crucibles on the prop�

�

erties of synthesized oxides using the PbO–GeO2 sys�
tem as an example (PbO is similar in reactivity to
Bi2O3). Lead germanate samples were synthesized in
Al2O3 and BeO crucibles, and the GeO2 content was
varied from 25 to 60 mol %. In all cases, glassy materi�
als were obtained in the Al2O3 crucibles. The materials
obtained in the BeO crucibles were glassy at 50 and
60 mol % GeO2; glassy with crystalline inclusions at 33.2,
37.5, and 40 mol % GeO2; and crystalline at 25 mol %
GeO2. X�ray fluorescence analysis of 75 mol % PbO +
25 mol % GeO2 glass indicated the presence of
3.15 wt % Al2O3. This led Denisov et al. [11] to con�
clude that the synthesis of PbO–GeO2 materials in
alundum crucibles was accompanied by doping with
aluminum oxide. This was assumed to be responsible
for the formation of glassy PbO–GeO2 materials in
Al2O3 crucibles. Clearly, interaction of Bi2O3–SnO2

samples with alumina (crucible material) influences
the behavior of this system.

According to Shannon et al. [3], the Bi2Sn2O7
compound exists in three polymorphs: α�Bi2Sn2O7
(tetragonal cell: a = 21.328 Å, c = 21.545 Å) is stable
below 363 K; β�Bi2Sn2O7 (cubic cell: a = 21.40 Å) has
a temperature stability range from 363 to 953 K; and
γ�Bi2Sn2O7 (face�centered cubic cell: a = 10.73 Å) is
stable at temperatures above 953 K. According to Roth
[12], the structure of Bi2Sn2O7 is similar to a distorted
cube. Nevertheless, the true symmetry of its crystal
lattice is not cubic. According to Vetter et al. [13],
Bi2Sn2O7 has a distorted pyrochlore structure (tetrag�
onal lattice: a = 21.31 Å, c = 21.53 Å).

Asryan et al. [9] were the first to report that the
Bi2Sn2O7 compound had an orthorhombic structure:
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a = 12.262 Å, b = 3.765 Å, and c = 7.957 Å. Later,
Udod et al. [14] obtained similar lattice parameters of
this phase.

The lattice parameter of γ�Bi2Sn2O7 has been vari�
ously reported to be a = 10.7435(1) [4], 10.7225(7)
[15], or 10.76 Å [16].

According to Walsh and Watson [16], the lattice
parameters of α�Bi2Sn2O7 are a = 15.34 Å and c =
21.74 Å, whereas Evans et al. [17] reported a =
15.0502(6) Å, b = 15.0545(6) Å, c = 21.5114(4) Å, and
β = 90.038(4)°.

There is currently very little data on the thermody�
namic properties of the Bi2O3–SnO2 system. Asryan et
al. [9, 10] carried out a thermodynamic study of this
system using effusion measurements in combination
with mass spectrometric analysis of the vapor phase in
the temperature range from 1000 to 1270 K. The ther�
modynamic properties of Bi2Sn2O7 reported by
Belousova and Arkhipova [18] were assessed using
semiempirical methods. In addition, its heat capacity
was determined experimentally by differential scan�
ning calorimetry (DSC) (300–1000 K). Roy et al. [19]
reported the heat capacity of Bi2Sn2O7 in the temper�
ature range 523–843 K [19].

The objectives of this work were to study phase rela�
tions in the Bi2O3–SnO2 system using X�ray diffrac�
tion, DTA, DSC, and the sessile drop method and
assess the thermodynamic properties of Bi2Sn2O7.

EXPERIMENTAL

Given some specific features of the phase equilibria
in the Bi2O3–SnO2 system and the high reactivity of
liquid bismuth oxide, Bi2Sn2O7 was prepared by solid�
state reaction. The starting chemicals used were Bi2O3

(extrapure grade, OSCh 13�3) and SnO2 (reagent
grade). The individual oxides were first precalcined in
air at 873 K. A stoichiometric mixture of the oxides
was ground in an agate mortar and then pressed. The
resultant green compacts were fired in air at 1003 K for
30 h with intermediate grindings every 5 h. The solid�
state synthesis temperature was chosen with allowance
for the following factors: (1) at this temperature, the
monoclinic phase α�Bi2O3 undergoes a polymorphic
transformation into the high�temperature phase
δ�Bi2O3 [20], and (2) crystallographic transformations
improve the reactivity of solids (Hedvall effect) [21,
22]. The phase composition of the samples thus pre�
pared was determined by X�ray diffraction on an
X’Pert Pro MPD diffractometer (PANalytical, Neth�
erlands) with CuK

α
 radiation. X�ray diffraction pat�

terns were collected using a PIXcel fast detector in the
angular range 13°–123° with a scan step of 0.013°.
The data obtained are presented in Fig. 1. Lattice
parameters were determined by profile fitting using
derivative difference minimization [23]. At room tem�
perature, the synthesized Bi2Sn2O7 samples had the
following unit�cell parameters: a = b = 15.1026(9) Å,

c = 21.515(2) Å (tetragonal symmetry, sp. gr. I c2 (8)).4

Therefore, our results agree better with those reported
by Evans et al. [17].

Molar heat capacity Cp was measured using a
Netzsch STA 449 C Jupiter system and platinum cru�
cibles. In our experiments, we used specially designed
holders for heat capacity measurements. The experi�
mental procedure was described in detail elsewhere
[24, 25]. Given some specific features of the behavior
of Bi2Sn2O7 in a carbon monoxide atmosphere, the
measurements were performed in an argon atmo�
sphere. The experimental data were analyzed using the
Netzsch Proteus Thermal Analysis software package
and licensed Systat Sigma Plot 12 graphing software.
The temperature range of high�temperature heat
capacity measurements was chosen based on prelimi�
nary differential thermal analysis data.

The interaction of Bi2O3–SnO2 melts containing
0–5 mol % SnO2 with a solid SnO2 substrate was stud�
ied by the sessile drop method, with the sample and
substrate heated separately. The experimental proce�
dure was similar to that described previously [26].

RESULTS AND DISCUSSION

Figure 2 illustrates the temperature effect on the
heat capacity of Bi2Sn2O7. It is seen that Cp increases
with increasing temperature and that the Cp(T) curve
has a well�defined peak centered at Т = 898 K. Previ�
ous data [3] indicate that the observed peak arises from
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Fig. 1. Room�temperature X�ray diffraction pattern of
Bi2Sn2O7.
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the β�Bi2Sn2O7 → γ�Bi2Sn2O7 phase transition. The
continuous variation in the heat capacity of Bi2Sn2O7

around the peak suggests that the transition is second�
order [27–29]. At the same time, the peak is lambda�
shaped, demonstrating that the heat capacity of
Bi2Sn2O7 in the region of the transition is influenced
by thermodynamic fluctuations. The jump in Cp in the
region of the phase transition is ΔCp(Tmax)  13 J/(mol K),
and the transition width is ΔT  80 K. The ΔТ value is
rather high, which also suggests that the transition is
second�order (In the case of first�order phase transi�
tions, the peak in heat capacity is very narrow and its
width is typically less than 10 K [29]). According to
Gusev [29], the large width of the peak may be due to
the sluggish kinetics of the transition. At the same
time, the wide temperature range of the peak reflects
the changes in short�range order that gradually occur
in the vicinity of the phase transition. It has been pro�
posed [29] that, to gain greater insight into this effect,
Cp measurements in the vicinity of the phase transition
should be made at various temperature scan rates. In
our experiments, Cp was measured at a heating rate of
10 or 20 K/min with a 0.5�K step size, and we obtained
identical results.

The entropy of a phase transition can be evaluated
from experimental Cp(T) data obtained in a wide tem�
perature range that includes the temperature of the
phase transition [30]. To this end, the excess heat
capacity  of the phase transition is determined as
the difference between the measured heat capacity and
its regular part Cb, represented by the baseline of the
Cp(T) curve [31]. The baseline was determined by
extrapolating the heat capacity below the transition
(842 K) to the high�temperature region (922 K).

�

�

ipC

For these conditions, evaluation of the transition
ΔS from the excess heat capacity in the region of the

phase transition gives  

0.4 J/(mol K).
Note that the Cp(T) curves of all the synthesized

Bi2Sn2O7 samples showed a small peak near 363 K. Its
position coincides with the temperature of the
α�Bi2Sn2O7 → β�Bi2Sn2O7 polymorphic transforma�
tion, identified by Shannon et al. [3].

Since the polymorphic transformations of bismuth
stannate are accompanied by very small changes in its
heat capacity, these were left out of consideration in
describing the temperature dependence of its Cp. With
no allowance for the changes induced by the phase
transitions, the temperature�dependent heat capacity
data for Bi2Sn2O7 can be represented by the equation
[32]

(1)

For Bi2Sn2O7 in the temperature range 400–950 K, it
has the form

(2)

The correlation coefficient for Eq. (2) was determined
to be r = 0.9996. It is worth noting that, using other
known equations of temperature�dependent heat
capacity [33] for describing the present Cp(T) data for
the Bi2Sn2O7 compound, we obtained less satisfactory
results. According to Walsh et al. [34], Bi2Sn2O7 has
one of the most complex crystal structures among
oxide compounds characterized by X�ray powder dif�
fraction. Clearly, the observed polymorphic transfor�
mations and specific features of the associated distor�
tions of this structure determine the shape of the Cp(T)
curve above room temperature.

The temperature effect on the molar heat capacity
of Bi2Sn2O7 was reported by Belousova and Arkhipova
[18]. Since neither the structural characteristics of
their samples nor synthesis conditions were specified
in their report [18], their results cannot be compared
to ours. We can only note the atypical Cp(T) behavior
and the high absolute values of Cp (at Т = 900 K, the
difference in Cp values is as large as 100 J/(mol K)).

Using Eq. (2) in combination with well�known
thermodynamic relations, we determined the enthalpy
increment H 0(T) – H 0(400 K) and entropy change
S 0(T) – S 0(400 K). The results are presented in the
table.

Given that wetting in an equilibrium system leads
to finite contact angles and that, when the melt com�
position varies along the liquidus line, the eutectic
melt has the largest contact angle [35], we investigated
the wetting of SnO2 by Bi2O3–SnO2 melts containing
up to 5 mol % SnO2. It is remarkable that, at a temper�
ature corresponding to its melting point, molten Bi2O3
brought into contact with a SnO2 substrate immedi�
ately spreads over the surface, without forming finite

( )Δ = −∫ ip bS C C dT T �

− −

= + + +

2 0.5.pC a bT cT dT

2 0.594.82 0.146 0.0015 2133.53 .pC T T T− −

= + − +
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Fig. 2. Heat capacity as a function of temperature for
Bi2Sn2O7. The open circles represent the experimental
data and the solid line represents a theoretical fit.
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contact angles. According to Naidich et al. [36], com�
plete wetting and a positive spreading coefficient Ks,

, (3)

mean that

(4)

In (3) and (4), Wa and Wc are the works of adhesion
and cohesion, respectively; σsv, σsl, and σlv are the
solid–vapor, solid–liquid, and liquid–vapor surface
tension coefficients, respectively; and θ is the contact
angle. In addition to wetting, the formation of con�
tacts between solid and liquid phases in nonequilib�
rium systems (in our instance, Bi2O3(l)–SnO2(s) is
followed by interfacial processes that equalize the
chemical potentials of the components of the liquid
and solid phases (dissolution of the substrate in the
melt, diffusion from the liquid phase to the substrate,
and others) [37]. Like pure Bi2O3, immediately after
being brought into contact with SnO2 at temperatures
corresponding to the liquidus of the Bi2O3–SnO2 sys�
tem, the melts containing up to 5 mol % SnO2 spread
over the substrate, without forming steady�state con�
tact angles. Therefore, in this case as well there is good
adhesion in the melt–substrate system. Because of this
circumstance, we were unable to more accurately
determine the position of the eutectic in the Bi2O3–
SnO2 system by the method in question.

CONCLUSIONS

Phase relations in the Bi2O3–SnO2 system have
been studied using differential thermal analysis, X�ray
diffraction, and the sessile drop method. The molar
heat capacity of Bi2Sn2O7 has been determined by dif�
ferential scanning calorimetry. The Cp(T) curve
obtained in the range 350–960 K has extrema at 363

( )s а c cos 1K W W= − = σ θ −

σ > σ + σsv sl lv.

and 898 K, which are due to the polymorphic transfor�
mations of Bi2Sn2O7. The experimental Cp(T) data
have been used to evaluate the thermodynamic prop�
erties of bismuth pyrostannate: the enthalpy incre�
ment H 0(T) – H 0(400 K) is 13.02 and 152.5 kJ/mol at
450 and 950 K, respectively, and the entropy change
S 0(T) – S 0(400 K) is 30.67 and 237.2 J/(mol K) at
450 and 950 K, respectively.
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