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Abstract
In compounds, crystallized within the pyrochlore-type structure (sp.gr. Fd3m) of the А2В2X6X’ general formula, there could 
be doubly or triply charged ions in the place of A cations, quadruply or quintuply charged ions in the place of B cations. 
Most works are devoted to the formation of these structures, depending on the nature and sizes of A and B cations, while 
little attention has been paid to determining the temperature ranges of their stability. The aim of this work was to study 
the thermolysis of substitutional solid solutions H2Sb2–xVxO6·nH2O in the range of 25–700 °C and the determination of the 
infl uence of the nature of B (Sb, V) cation on the stability of pyrochlore-type structures during heating. 
Substitutional solid solutions have been obtained by the co-precipitation method. The samples, containing 0; 5 (x = 0.10); 
15 (x = 0.30); 20 (x = 0.40); 24 (x = 0.48) at% of vanadium have been chosen as subjects of the present research. The changes 
in the proton hydrate sublattice in samples, containing different amounts of V+5 were analysed by IR spectroscopy. The 
modelling of the thermolysis process and determination of the phase compositions at each stage was possible using X-ray 
phase and thermogravimetric analysis of the samples 
It was shown that at temperatures of 25–400 °C, proton-containing groups are removed from the hexagonal channels of 
the pyrochlore-type structure. The increase in number of V+5 ions in solid solutions changed the proton-binding energy 
with oxygen ions [BO3]

–-octahedron, which led to the shift of stage boundaries: oxonium ions and water molecules were 
removed at higher temperatures, while hydroxide ions were removed at lower temperatures. An increase in temperature 
to over 500 °C led to the structure destruction due to the oxygen removal from [BO3]

–-octahedrons. The model for the 
atomic fi lling of crystallographic positions in the pyrochlore-type structure for phases, formed during H2Sb2–xVxO6·nH2O 
thermolysis at 25–400 °C, has been proposed.
According to the thermogravimetric analysis, the structural formulas of solid solutions under the air-dry condition has 
been determined. (H3O)Sb2–xVxO5(OH)·nH2O, where 0 < x £ 0.48, 0 <n £ 1.1. It has been shown that the temperature ranges 
of thermolysis stages were affected by the proton-binding energy with oxygen ions [BO3]

–-octahedron temperature ranges, 
where B = V, Sb, forming the structural frame. It has been found that the studied solid solutions are stable up to 400 °C 
within the framework of the pyrochlore-type structure. 
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1. Introduction
Compounds crystallizing in pyrochlore-type 

structures with a general formula of А2В2X6X’ 
have attracted the attention of scientists for 
more than fi fty years [1–6]. The reason for this 
is elemental diversity. In the place of A cations 
there can be doubly or triply charged ions, in place 
of cations quadruply or quintuply charged ions, 
and as a result, the variety of properties of the 
pyrochlores: magnetic [7, 8], photocatalytic [9, 10], 
dielectric [11] and others. The authors have paid 
a lot of attention to the study of the formation 
of the structure depending on the radii of the 
ions and their arrangement in crystallographic 
site occupancies [1, 12, 13]. Thus, it was shown 
that such a structural type for compounds is 
preferable when the ratio of the radii A and B 
cations is: 1.46 £ r(A)/r(B) £ 1.61 [12, 14]. For 
oxide systems in which oxygen atoms are located 
at site X, the most important in determining 
whether a pyrochlore-type structure will form 
are characteristics of [BO3]

–-octahedrons [15]. 
However, little attention has been paid to 
studying the stability of compounds crystallizing 
in a pyrochlore-type structure during heating. 
The features of thermolysis were studied only for 
a few compounds [16–20].

In this work, we selected samples of polyanti-
monic acid (PAA) doped with vanadium ions, with 
H2Sb2–xVxO6·nH2O composition as a model system. 
When atoms are distributed over crystallographic 
site occupancies of a pyrochlore-type structure, 
the 8b positions remain vacant, in place of 
A cations, protons and oxonium ions are located, 
and Sb+5, V+5 ions act as B cations [21]. As a result, 
a skeletal plane of a defective structure is formed, 
consisting of [BO3]

–-octahedrons connected by 
apexes and having hexagonal channels in which 
protons, oxonium ions, and water molecules 
are located. Doping of PAA with V+5 ions leads 
to a change in the binding energy of protons 
with [BO3]

- and, as a consequence, an increase in 
proton conduction [22]. 

According to studies [23–25], proton-
containing groups located in the channels 
of the structure have a significant influence 
on the stabilization of the PAA phase at high 
temperatures. Therefore, the doping of PAA 
with V+5 ions should change the phase stability 
during heating. Therefore, the aim of this work 

was to study the thermolysis of H2Sb2–xVxO6·nH2O 
substitutional solid solutions in the temperature 
range of 25–700 °C, the determination of the 
composition and structure of phases at each stage 
of thermolysis, the determination of the infl uence 
of the nature of B (Sb, V) cation on the stability of 
pyrochlore-type structure during heating.

2. Experimental
Samples were synthesized by coprecipitation 

of solutions of sodium vanadate and antimony 
trichloride, pre-oxidized with nitric acid, in 
an excess of distilled water according to the 
procedure described in the study [21]. The 
resulting precipitate was separated from the 
mother liquor, washed with distilled water until 
the negative reaction of fi ltrate to chlorine ions, 
dried in air, and kept at room temperature for a 
long time under normal conditions (T = 25 °C, 
RH ª 60 %). All chemicals used were of analytical 
grade.

Ratios of vanadium and antimony (at%) in the 
samples were determined based on the data of 
ARL QuanT’X X-ray fl uorescence spectrometer, 
device sensitivity <1 ppm.

In previous studies [21, 26], it was shown 
that, within the framework of the pyrochlore 
type structure, a substitutional solid solution 
H2Sb2–xVxO6·nH2O is formed at 0 < x £ 0.48. 
Therefore, fi nely dispersed powders containing 
according to elemental analysis 0; 5 (x = 0.10); 15 
(x = 0.30); 20 (x = 0.40); 24 (x = 0.48) at% vanadium 
were selected as objects of study. 

The IR absorption spectra of the samples were 
recorded on a Nicolet 380 IR Fourier spectrometer 
in the frequency range from 500 to 4000 cm–1. For 
this, the samples were mixed with KBr powder and 
pounded to a fi nely dispersed state, followed by 
pressing the mixture in a compressing mould. As 
the result, a translucent tablet was obtained. 

Phase samples at different stages of 
thermolysis were obtained by prolonged heat 
treatment of solid solutions in air at temperatures 
400 and 650 °C.

Structural studies of the initial and heat treated 
samples were performed on a Rigaku Ultima IV 
X-ray diffractometer (fi ltered СuКa-radiation) in 
the range of diffraction angles 10 £ 2q £ 70 deg.

Thermal studies of the samples were carried 
out using Netzsch STA 449F5 Jupiter synchronous 
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thermal analyser in air. We recorded the change 
in the mass of the sample and rate of its change 
during heating at 10 °C/min in the temperature 
range 24–700 °C, the balance sensitivity was 
100 mg. Samples were weighed on an analytical 
balance with an accuracy of 0.0001 g before and 
after heating. 

For a quantitative assessment of the thermal 
decomposition of the samples, the relative mass 
change was found DmТГ :

,i

k

m
m

D
Dm =

DТГ
  (1)

where Dmi  – mass change at the given thermal 
decomposition stage, Dmk  – mass of the fi nal 
product.

Based on the amount of removed products 
at each stage, the process of thermolysis of solid 
solutions was simulated. For the validation of the 
selected model, the relative mass change of the 
samples was found DmT : 

D
D
D

mT ,=
M
M

ri

rk

  (2)

where DMri  – change in the molecular mass of 
the thermolysis product at given stage of thermal 
decomposition, DMrk  –molecular mass of the fi nal 
decomposition product - a mixture of two phases 
Sb2O4.3 (4) and VSbO4 taking into account the given 
V/Sb ratio. The model was selected in a way, that 
the discrepancy between DmТГ  and DmT  was the 
lowest.

3. Results and discussion
Substantial doping of PAA crystallizing in the 

pyrochlore type structure should lead to a change 
in the structure of the protohydrate sublattice 
while maintaining the charge of the main frame 
[21, 22]. 

On the IR spectra of PAA and doped forms, 
a wide complex absorption band in the region 
of 3700–2700 cm–1 (Fig. 1) can be distinguished, 
which corresponds to the vibrations of hydroxide 
ions and water molecules involved in the nО–Н 
hydrogen bond [24, 27, 28]. Two maxima can be 
detected in this region (Fig. 1): at 3400 cm–1, 
which is attributed to the vibrations of molecules 
of loosely bound water, and 3250 cm–1 responsible 
for the vibrations of hydroxide ions and water 
molecules perturbed by the surface fi eld of the 
crystal lattice [29–31]. 

The absorption band at 3250 cm–1 with an 
increasing amount of V+5 shifts to the region of 
lower frequencies (Fig. 1). Thus, for the saturated 
solid solution (x = 0.48) the maximum band 
has a value of 3200 cm–1 (Fig. 1). According to 
studies [28, 32, 33], the shift of the frequency of 
stretching vibrations of hydroxide ions to the 
low frequencies (red shift of collective symmetric 
vibrations) upon formation of hydrogen bond was 
due to a decrease in the force constant of the O–H 
bond itself. Therefore, doping of PAA with V+5 
ions reduces the energy of interaction of protons 
with oxygen anions of [BO3]

–-octahedron and, as a 
result, leads to the weakening of hydrogen bonds 
in the hexagonal channels of the structure.

In the region of deformation vibrations, intense 
absorption bands were recorded on the spectra at 
1400, 1640 cm–1, corresponding to deformation 

Fig. 1. IR spectra of samples H2Sb2–xVxO6·nH2O, where 
x: 0 (1); 0.10 (2); 0.48 (3)
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vibrations d (Sb+5-OH) and deformation vibrations 
of water molecules, respectively (Fig. 1) [24, 27]. 
Band intensity at 1700 cm–1corresponding to 
deformation vibrations of oxonium ions with 
increasing amount of V+5 decreases. The region 
of deformation vibrations was less sensitive to 
the formation of hydrogen bonds of different 
strengths than the region of stretching vibrations; 
therefore, a shift of the bands of deformation 
vibrations to the low-frequency region was not 
observed (Fig. 1) [28, 34]. 

Absorption bands at 770 and 450 cm–1 
corresponded to the stretching vibrations of 
n (Sb+5–O). For doped forms, the appearance of 
additional absorption bands corresponding to 
V–O bonds was not observed [35]. The absence 
of additional bands confi rms the similarity of 
the fi ngerprint region of V–O and Sb–O bonds 
in complex oxides.

According to thermogravimetric analysis of 
H2Sb1.52V0.48O6·nH2O sample, broad maxima can 
be distinguished on the mass change rate curve 
at temperatures of 140 (stages I and II), 280 
(stage III) and 560 (stage V) °С (Fig. 2). According 
to published data [24], in the 100 °C region, during 
the thermolysis of hydrated oxides and acids 
adsorbed water molecules should be removed 
(stage I), and at higher temperatures (100–200 °C) 
water molecules located near the crystal lattice 
(stage II) should be removed. It was believed that 
the fi rst broad maximum refl ects the superposition 

of stages I and II (Fig. 2). With an increase in the 
amount of V+5 in solid solution, the maximum in 
the mass change rate curve at 400 °С shifted to 
the region of lower temperatures, its intensity 
decreased (Fig. 3). However, according to the 
TG curve (Fig. 2), mass loss was observed in this 
temperature range (stage IV). For the clarifi cation 
of the thermolysis stages, an X-ray phase analysis 
of samples heat treated at temperatures of 400 
and 650 °C was carried out.

On the X-ray diffraction patterns of 
H2Sb1.52V0.48O6·nH2O sample after heat treatment at 
400 °С (Fig. 4), the lines became of low-intensity, 
however, the position of the refl ections coincided 
with the initial X-ray diffraction pattern. 

Refl ections with odd indices extinguished and 
it was also observed for the undoped PAA sample 
[24], and indicated the dehydration of compounds 
and the rearrangement of the structure [23, 24, 
34]. In the temperature range 500–600 °C, the 
decomposition of compounds and the formation of 
two phases, one of which was Sb2O4.3(4), the other – 
VSbO4 phase with the crystal structure of the rutile 
type (sp. gr. P42/mnm) was observed [36, 37].

According to the data of a full-profi le X-ray 
analysis [26] carried out for H2Sb2–xVxO6·nH2O, 
0 < x £ 0.48 solid solutions, Sb+5 and V+5 ions and 
were statistically located at the 16c positions and 
formed [BO3]-octahedrons with oxygen anions 
and hydroxyl groups occupying the 48f positions. 
Oxonium ions and water molecules statistically 

Fig. 2. Dependences of the change in mass – TG (1), the rate of change in mass – DTG (2) and the change in 
heat fl ux – DTA (3) of the H2Sb1.52V0.48O6·nH2O sample on temperature
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filled the 16d positions and were located in 
hexagonal channels. The change in the X-ray 
pattern at temperatures above 500 °С was due to 
the removal of protons from the 16d positions 
of the structure and the transition of Sb+5 and 
V+5 ions from octahedral into cubic positions 
[24]. Thus, the substitutional solid solutions 
H2Sb2–xVxO6·nH2O within the pyrochlore-type 
structure were stable up to 400 °C.

For the determination of  the phase 
composition at different stages of thermolysis, 
we used the following assumption [24]: during 
thermal transformations, the number of 
antimony and vanadium atoms does not change, 
water and oxygen molecules are removed in 
different temperature ranges. According to 
mass spectrometry data [24], in the temperature 
range 24 - 500 °С water molecules (18 a.m.u.) 
were removed, and in the range of 500 - 700 °С 

oxygen molecules (32 a.m.u.) were removed. The 
calculations of the relative mass change were 
carried out using equations 1 and 2, the results 
are presented in Table 1.

The experimental and calculated values 
of the mass loss were in good agreement 
(Table 1) indicating a correct description of the 
thermolysis stages. Thus, we were able to deter-
mine the initial composition of the solid solution 
(H3O)Sb1.52V0.48O5(OH)·0.4H2O, its formation 
temperature and phase composition at each stage 
of thermolysis. The model of the distribution of 
atoms over the crystallographic site occupancies 
of a pyrochlore-type structure for phases formed 
at temperatures 25-400 °С is presented in Table 2. 
Water molecules, weakly bound to the structure, 
were statistically located at 8b positions.

During stages I and II of thermolysis, adsorbed 
water and water molecules were removed from the 

Fig. 3. Dependences of the rate of change of mass 
(DTG) on the temperature of samples H2Sb1.52V0.48O6·nH2O, 
in which x: 0 (1); 0.10 (2); 0.30 (3); 0.40 (4); 0.48 (5); 
Roman numerals I–V indicate stage numbers

Fig. 4. X-ray diffraction patterns of H2Sb1.52V0.48O6·nH2O 
(1) and phases formed after heating at 400 °C (2) and 
650 °C (3)
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16d positions. In the resulting (H)8Sb12V4O40(OH)8 
phase the [BO3]

– negative charge was compensated 
by protons located in the 16d positions. Further 
heating led to the destruction of the octahedrons 
due to the interaction of protons located in the 
16d positions with part of the oxygen anions of 
the [BO3]

–-octahedron. In this case, part of the Sb+5 

ions passed from the 16c into the 16d positions 
(Table 2). In the phase forming during stage III 
(Sb+5)2Sb12V4O40(OH)8 Sb+5 ions are compensated 
by the charge of [BO3]

–-octahedrons. During stage 
IV, hydroxyl groups were removed in the form 
of water molecules, octahedrons were further 
destroyed, and further transitions of Sb+5 ions 
from the 16c into the 16d positions occurred. The 
(Sb+5)4Sb12V4O48O2 phase was stable due to Sb+5 
ions located in the 16d positions. At temperatures 
above 500 °C, the removal of oxygen began, which 
indicated the reduction of part of the Sb+5 ions 
into Sb+3 and the destruction of the structure.

The removal of proton-containing groups 
during stages I–III was characterized by endo-
effects, the minima of which in the curves of 
the heat fl ux (DTA) were fi xed at 140 and 290 °С 
(Fig. 2). With further heating, a small maximum 
at 320 °C was recorded: the formation of the 
(Sb+5)4Sb12V4O48O2 phase was accompanied by 

heat production. At 600 °С, the exo-effect was 
associated with the formation of two new phases, 
Sb2O4.3(4) and VSbO4.

For solid solutions in which x < 0.48, the same 
number of stages was fi xed during thermolysis 
(Fig. 3), the mass loss was from 18 to 22 % relative to 
the fi nal decomposition products. With an increase 
in the amount of vanadium, a substitutional solid 
solution (H3O)Sb2–xVxO5(OH)·nH2O contained 
lower amount of water in an air-dry state. Thus, 
according to thermogravimetric analysis, n = 0.4 
for the saturated substitutional solid solution 
(x = 0.48), n = 1.1 for PAA [24].

On the mass change rate curves (DTG) of the 
doped samples, the shift of the stage maxima 
with an increase in the amount of dopant was 
recorded (Fig. 3). The maxima of I and II stages 
were shifted to the region of high temperatures, 
for the saturated solid solution from 95 to 140 °C. 
The maxima of stages III and IV, on the contrary, 
shifted to the low-temperature region. The shift 
from 300 to 270 °C and 400 to 370 °C respectively 
was revealed for the saturated solid solution. The 
shift of stages I and II was probably due to the 
removal of proton-containing groups at higher 
temperatures and the higher bonding force of 
the protonhydrate lattice with the crystal lattice. 

Table 1. The stages of thermolysis of (H3O)Sb1.52V0.48O5(OH)·0.4H2O, according to the proposed model, where 
∆μt – relative changes in the mass of the doped sample; ∆μTG – experimental mass values   according to the 
TG data, relative to the fi nal mass of the sample; temperature ranges ∆T of the stages of phase formation

Stage 
no. Reaction Stage temperature 

range DT, °С DmT, % DmTG, %

I–II (H3O)Sb1.52V0.48O5(OH)·0.4H2O = (H)Sb1.52V0.48O5(OH) + 1.4H2O 24–190 9.11 9.37

III (H)Sb1.52V0.48O5(OH) = Sb1.52V0.48O4.5(OH) + 0.5H2O 200–300 3.25 3.16

IV Sb1.52V0.48O4.5(OH) = Sb1.52V0.48O5 + 0.5H2O 300–360 3.25 3.48

V Sb1.52V0.48O5 = 0.52Sb2O4.3(4) + 0.48VSbO4 + 0.41O2 520–600 4.74 4.57
TOTAL: 24–600 20.35 20.58

Table 2. The distribution of atoms according to the crystallographic positions of a pyrochlore type structure 
for (H3O)Sb1.52V0.48O5(OH)·0.4H2O and phases formed upon heating (number of formula units Z = 8)

Stages Formation 
temperature , oC Structural formula 16d 16c 48f 8b

– 25 (H3O)8Sb12V4O40(OH)8·3.2H2O 8H3O
+ 12Sb+5, 

4V+5
40 O–2

8 OH– 3.2H2O

I–II 190 (H)8Sb12V4O40(OH)8 8H+ 12Sb+5, 
4V+5

40 O–2

8 OH– –

III 260 (Sb+5)2Sb12V4O40(OH)8 2Sb+5 12Sb+5, 
4V+5

40 O–2

8 OH– –

IV 360 (Sb+5)4Sb12V4O48O2 4Sb+5 12Sb+5, 
4V+5 48 O–2 2O–2
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The shift of the maxima of stages III and IV 
into the low temperature region was a common 
characteristic of doped oxides and heteropoly 
acids. Probably, the introduction of vanadium 
facilitates the transition of neighbouring atoms 
or ions from the main positions into the excited 
state, according to the order-disorder theory, 
lowers the decomposition temperature [38].

Stage shifts were also recorded on the curves 
of heat fl ux (DTA curves). With an increase in 
the amount of V+5, the removal of oxonium ions 
from the 16d positions (stage I and II) occurred 
at higher temperatures and was accompanied by 
high energy costs, as was evidenced by the large 
minimum area at temperatures of 100–150 °C 
(Fig. 5). The transition of Sb+5 ions from the 16c to 
16d positions, on the contrary, was more benefi cial 
(Fig. 5, stages III and IV). Thus, the endothermic 
minimum of stage III (300 °C) shifted to the lower 
temperature region and its area decreased. The 
exothermic maximum (370 °C), indicating the 

formation of the Sb2–xVxO5 phase shifted to the low-
temperature region with an increasing amount of 
V+5 in the solid solution. In the high-temperature 
region, an exothermic peak (600–630 °C) of high 
intensity appeared, associated with the formation 
of two new phases – Sb2O4.3(4) and VSbO4.

Due to the electronic structure of the vanadium 
ion, the O–V bond is less covalent than the O–Sb 
bond [39]; therefore, the proton must form a 
stronger bond with the oxygen ion of the [VO3]

-

octahedron, which was confi rmed by the DTG and 
DTA data, which showed the shift of stages I and 
II to the high-temperature region (Fig. 3, Fig. 5). 
Changes in the binding energy between protons 
located in hexagonal channels and oxygen ions 
of [BO3]

–-octahedrons affected the transport of 
protons between electronegative atoms. As a 
result, the distance between protons and oxygen 
ions of [SbO3]

--octahedrons increased, and the red 
shift of nО–Н vibrations of hydroxide ions and 
water molecules was recorded on the IR-spectra 
(Fig. 1). High proton mobility led to an increase 
in proton conductivity with an increase in the 
amount of vanadium in the samples [22].

4. Conclusions 
It was found that the resulting solid 

solutions have the structural  formulas 
(H3O)Sb2–xVxO5(OH)·nH2O, where 0 < x £ 0.48, 
0 < n £ 1.1. Doping leads to a change in the proton-
binding with oxygen ions [BO3]

--octahedrons, 
where B = V, Sb, forming the structural frame, 
changing the temperature ranges of the thermolysis 
stages. It has been shown that substitutional solid 
solutions H2Sb2–xVxO6·nH2O within a framework 
of the pyrochlore-type structure were stable up 
to 400 °C. The model describing the sequence of 
phase transformations during the thermolysis of 
substitutional solid solutions H2Sb2–xVxO6·nH2O in 
the temperature range 25–400 °C was proposed, 
the composition of the phases during each 
thermolysis stage was established.
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