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ABSTRACT The concentration stability field localization of the pyrochlore-structured compounds of variable
composition formed in the Bi2O3–Fe2O3–WO3 system under hydrothermal conditions at a temperature of
T = 200◦C and a pressure of P = 7 MPa was determined. It was found that the pyrochlore-structured com-
pounds stability field is longitudinally limited within the atomic ratios 0.47 < Bi/W < 1.25, and in the transverse
direction within 1.14 < Bi/Fe < 1.87. It was shown that the pyrochlore phase cubic unit cell parameter a de-
pends on the compound chemical composition as follows: it increases linearly from∼ 10.3319 Å to∼ 10.4199 Å
with an increase in the Bi/W atomic ratio from ∼ 0.47 to ∼ 1.25. It was established that from the Bi2O3–WO3

system side, there is a region of two-phase equilibrium, in which a pyrochlore phase of variable composi-
tion coexists with the Bi2WO6 compound, which is formed in the form of plate-like (thickness h ∼ 50–100 nm)
nanoparticles. It was shown that from the Bi2O3–Fe2O3 system side, there is a region of compositions, in which
the pyrochlore phase of the most enriched in bismuth oxide composition coexists with the Bi2WO6 compound,
which is formed in the form of rod-shaped (h ∼ 10–30 nm) nanoparticles, and with the X-ray amorphous phase
composition, formed in the form of nanocrystalline particles about 10 nm in size. It was found that the higher
temperature point of the pyrochlore-structured compounds stability field does not exceed 725◦C, which allows
them to be synthesized only by “soft chemistry” methods.
KEYWORDS pyrochlore-structured phase, hydrothermal synthesis, crystal structure, phase diagram, thermal
stability
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1. Introduction

The pyrochlore-structured complex oxide compounds attract the researchers active attention because they have a
set of interesting physicochemical properties for investigation, in particular, magnetic [1–5], dielectric [3, 5–7], trans-
port [8, 9], photocatalytic [10–12]. Due to this, they can be considered as promising materials for the manufacture of
coatings, for example, parts of gas turbines operating at elevated temperatures [13], as well as ion-exchange materials for
the immobilization of radioactive waste [14]. The pyrochlore-structured compounds are characterized by a large isomor-
phic capacity, which determines the existence of this structural type in both binary [14–16] and more multicomponent
oxide systems [1–11]. In most oxide systems, the pyrochlore-structured compounds are obtained from simple oxides by
the solid-state synthesis, since, as a rule, this structural type is quite stable at elevated temperatures [17, 18]. Despite this,
the application of “soft chemistry” methods, in particular, the hydrothermal method, opens up opportunities for studying
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phase transformations involving the pyrochlore phase, occurring in the low-temperature region of phase diagrams [19–23].
It should be noted that, as a rule, complex oxide phases of variable composition are characterized by a narrowing of the
equilibrium concentration boundaries of the stability field with increasing synthesis temperature, that is, when moving
towards the melting or solid-phase decomposition temperature. Reducing the synthesis temperature of such compounds,
on the contrary, leads to the possibility of widely varying their quantitative composition and, as a consequence, properties,
while remaining within their stability field boundaries. It should be mentioned that when investigating phase transforma-
tions occurring in the low-temperature region of the phase diagram, it is also interesting to study the thermal stability of
oxide compounds formed during hydrothermal synthesis.

Phase equilibria in the Bi2O3–Fe2O3–WO3 system have not previously been the subject of systematic research,
since only a few works devoted to the synthesis and characterization of compounds formed in this system are found in
the scientific literature [24–26]. In particular, pyrochlore-structured compounds of variable composition were for the first
time obtained and structurally characterized in a recent work by the authors [27] in 2020; however, studies of their stability
field localization, as well as their thermal stability, have not been carried out to date.

The aim of this work is to determine the localization of the concentration and temperature stability fields of pyrochlore-
structured compounds of variable composition in the Bi2O3–Fe2O3–WO3 system.

2. Materials and Methods

2.1. Synthesis section

The synthesis procedure, which is the same for all samples, is described below. Table 1 shows the molar amounts
of reagents (x, y, z) and the measured values of the precursor suspension pH corresponding to the various samples. To
obtain a sample, x mmol of crystalline hydrate of bismuth (III) nitrate, Bi(NO3)3·5H2O (puriss. spec.), and y mmol of
crystalline hydrate of iron (III) nitrate, Fe(NO3)3·9H2O (pur.), were dissolved in q ml of 6 M HNO3 (puriss. spec.), after
which h ml of distilled water was added to the resulting solution. Next, z mmol of sodium tungstate (VI) crystalline
hydrate, Na2WO4·2H2O (puriss. spec.), was dissolved in g ml of distilled water and the resulting solution was added
dropwise into the acidic solution of bismuth and iron nitrates stirred with a magnetic stirrer at 800 rpm (∼ 30 mL of
distilled water was then added there and used to rinse the beaker that had contained the sodium tungstate solution). After
stirring the obtained suspension for 1 h, a solution of 2 M NaOH was added to it dropwise until reaching pH of ∼ 4–5
(Table 1). The amorphous precursor suspension obtained this way, was additionally stirred at 1000 rpm for∼ 1 h and then
transferred into Teflon chambers (∼ 80% filling) and placed in steel autoclaves, which were then put in a furnace heated
up to T = 200◦C. After 72 h, the autoclaves were removed from the furnace and cooled in air. The resulting precipitates
were separated from the mother liquor (it was poured out), rinsed with distilled water several times by decantation and
dried at 80◦C for 24 h.

2.2. Characterization

The crystal structure of the samples synthesized via a hydrothermal method was analyzed by X-ray diffraction (XRD)
using a Rigaku SmartLab 3 Powder X-ray Diffractometer (Rigaku Corporation, Japan). XRD patterns (Co-Kα radiation
(average wavelength λ = 1.79028 Å) of an X-ray tube with a cobalt anode filtered using a Fe Kβ filter) were recorded in
the Bragg-Brentano geometry at room temperature. The measurements were carried out in the symmetrical θ-2θ mode (θ
is the angle of incidence of the X-ray beam on the surface of the sample, 2θ is the diffraction angle). The recording of
XRD patterns was carried out using a one-dimensional (1D) silicon strip detector D/teX Ultra 250. The measurements
were carried out in the range of angles 2θ = 10◦–80◦ with a step of ∆2θ = 0.02◦, and the total time at the point was 123
seconds (conversion from the used linear detector to a point detector).

The XRD pattern of the sample 5.12 was also obtained on the same diffractometer using a Cu-Kα radiation (average
wavelength λ = 1.54186 Å) after an X-ray tube with a copper anode and a Ni Kβ filter. This measurement was carried out
in the range of angles 2θ = 6◦–140◦ with a step of ∆2θ = 0.01◦, and the total time at the point was 2560 seconds. Thus
obtained XRD pattern was used to carry out the precise calculations of unit cell parameters, average crystallite size and
microstrains.

High-temperature XRD (HTXRD) studies were carried out using a Rigaku Ultima IV Powder X-ray Diffractometer
(Rigaku Corporation, Japan), equipped with a 1D silicon strip detector D/teX Ultra 250 and a high-temperature camera
SHT-1500 (Rigaku Corporation, Japan). The XRD patterns were recorded using a Cu-Kα radiation of an X-ray tube with
a copper anode filtered with a Ni Kβ filter (average wavelength λ = 1.54186 Å) in the range of angles 2θ = 10◦–80◦ with
a step of ∆2θ = 0.02◦, and the speed was 4◦/min. The measurements were performed in air in the temperature range from
25◦C to 585◦C (step was 40◦C) and in the range 585–785◦C (step was 20◦C), heating rate between temperature points was
10◦C/min, exposure at temperature before XRD recording was 20 minutes. The sample was prepared by deposition from
an alcohol suspension onto a standard platinum substrate. The temperature was controlled using a Pt-Rh thermocouple
located in close proximity to the substrate. Before the experiment, the positions of the diffraction angles were corrected
using an external silicon standard.
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TABLE 1. Sample names and synthesis parameters

Bi3+ and Fe3+ nitrates Sodium WO2−
4 Precursor

Sample
n(Bi) (x), n(Fe) (y), n(W) (z), solution solution suspension

mmol mmol mmol Vol.∗ of 6 M Vol.∗ of distilled Vol.∗ of distilled pH

HNO3 (q), ml water (h), ml water (g), ml

5.3 2.779 2.799 4.242 6.6 33.1 30.3 4.60

5.6 2.012 1.791 5.777 4.8 23.9 41.3 4.50

5.8 2.744 2.340 4.313 6.5 32.7 30.8 4.77

5.9 3.096 2.620 3.609 7.4 36.9 25.8 5.03

5.12 2.010 1.386 5.781 4.8 23.9 41.3 4.55

5.16 3.388 2.432 3.025 8.1 40.3 21.6 4.88

5.17 3.717 2.682 2.367 8.8 44.2 16.9 4.48

5.18 4.040 2.928 1.720 9.6 48.1 12.3 4.58

5.20 2.354 1.273 5.092 5.6 28.0 36.4 4.58

5.21 2.688 1.530 4.425 6.4 32.0 31.6 4.57

5.22 3.015 1.782 3.769 7.2 35.9 26.9 4.42

5.34 4.186 2.360 1.427 10.0 49.8 10.2 4.69
∗Volume

The crystal structure of the annealed samples was analyzed by XRD using an X-ray powder diffractometer DRON-
8N (IC “Burevestnik”, Russia) in the Bragg-Brentano geometry (an X-ray tube with copper anode, Ni Kβ filter, Cu-Kα

radiation (average wavelength λ = 1.54186 Å)), equipped with a position-sensitive (PSD) linear detector Mythen2 R 1D
(DECTRIS Ltd., Switzerland) with an opening angle of 4.48◦ and with a single parabolically bent Göbel Mirror placed in
the beam path so the line focus of the X-ray source. The measurements were carried out in the range of angles 2θ = 10◦–
80◦ with a step of ∆2θ = 0.0142◦, and the total time at the point was 180 seconds.

The preprocessing of the measured XRD patterns of samples in order to obtain the parameters of the observed XRD
reflections necessary for unit cell and microstructure calculations was carried out using the EVA program, version 5.1.0.5
(Bruker AXS, Germany). To increase the precision of the analysis, the observed values of the Bragg angles obtained by
EVA were corrected for zero shift and displacement (see [28] for details). Angular corrections (zero shift and displace-
ment) were obtained by the external standard method based on additional measurements of a 5.12 powder sample mixed
with NaCl powder, which was calibrated by the internal standard method using the Si640f powder XRD standard (NIST,
USA).

X-ray phase analysis (XPA) of the measured XRD patterns of samples was carried out using the Crystallographica
Search-Match program, version 3.1.0.2 (Oxford Cryosystems Ltd., England) using the Powder Diffraction File-2 (PDF-
2) [29] and Cambridge Structural Database (CSD) (https://www.ccdc.cam.ac.uk/structures/).

Scanning electron microscopy (SEM) images and bulk elemental composition of the samples were obtained on a
Tescan Vega 3 SBH scanning electron microscope (Tescan Orsay Holding, Czech Republic) with an Oxford Instruments
Energy Dispersive X-ray Microanalysis (EDXMA) attachment. The relative number of elements was calculated using the
AZtec software. The characteristic emission spectra of each sample were accumulated from four sites with a total area of
∼ 9 mm2, with a set of statistics for at least 2 million pulses at each site. The readings from each site were averaged, and
the measurement error was determined at a confidence level of 0.95.

In transmission electron microscopy (TEM) studies a JEM-2100F microscope at an accelerating voltage of 200 kV
is employed. Specimens from the samples were prepared by one of the traditional methods, that is, by dispersing a
suspension of a weighed portion of powder in ethanol by ultrasound for 8–10 min, followed by precipitation and drying
on a thin supporting carbon film.

The thermal behavior of the sample 5.16 was studied by differential scanning calorimetry (DSC) together with ther-
mogravimetry (TG) when heating the sample in an open platinum crucible in the temperature range 30–900◦C in a
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dynamic argon atmosphere (flow rate 50 ml/min) with a heating rate of 10◦C/min on a synchronous thermal analyzer
Netzsch STA 449 F5 Jupiter.

3. Results and discussions

3.1. Chemical composition

The EDXMA data on the bulk chemical composition of the samples are presented in Table 2 in the form of atomic
ratios and in Fig. 1 (a – nominal composition specified for the synthesis, b – bulk chemical composition) as points on the
concentration triangle of the BiO1.5–FeO1.5–WO3 system.

TABLE 2. Bulk chemical composition of samples synthesized by the hydrothermal method, in rel. at.
units, according to the EDXMA data

Example
Bi/W ±∆ Fe/W ±∆ Bi/Fe ±∆

Nom.∗ Bulk Nom.∗ Bulk Nom.∗ Bulk

5.3 0.66 0.57± 0.05 0.66 0.50±0.02 1.00 1.14±0.13

5.6 0.35 0.47±0.04 0.31 0.36±0.02 1.13 1.30±0.10

5.8 0.64 0.55±0.03 0.54 0.44±0.01 1.19 1.24±0.05

5.9 0.86 0.79±0.07 0.73 0.56±0.01 1.18 1.41±0.13

5.12 0.35 0.52±0.03 0.24 0.28±0.01 1.46 1.85±0.07

5.16 1.12 1.05±0.10 0.80 0.70±0.02 1.40 1.49±0.11

5.17 1.57 1.45±0.04 1.13 0.81±0.03 1.39 1.78±0.07

5.18 2.35 2.09±0.07 1.70 1.27±0.02 1.38 1.65±0.04

5.20 0.46 0.47±0.03 0.25 0.25±0.02 1.84 1.87±0.09

5.21 0.61 0.54±0.04 0.35 0.32±0.01 1.74 1.71±0.12

5.22 0.80 0.74±0.05 0.47 0.44±0.02 1.70 1.69±0.12

5.34 2.93 2.41±0.11 1.65 1.49±0.04 1.78 1.62±0.04
∗Nominal composition specified for the synthesis

FIG. 1. (a) Nominal and (b) bulk (according to the EDXMA data) chemical composition of samples
synthesized by the hydrothermal method on the concentration triangle of the BiO1.5–FeO1.5–WO3 sys-
tem

It should be noted that only for samples 5.20, 5.21, 5.22 and 5.34, there is a good agreement between their bulk and
nominal compositions. For samples 5.6 and 5.12, depletion of their bulk compositions by tungsten oxide is observed, and
for samples 5.3, 5.8, 5.9, 5.16, 5.17 and 5.18 – by iron oxide, relative to their corresponding nominal compositions. The
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indicated depletion of the bulk composition for any component is due to the fact that some part of the components may
not insert the solid phase of the hydrothermal synthesis product and remains dissolved in the cooled hydrothermal fluid,
after which it will be removed from the system when rinsing the resulting precipitates.

3.2. XRD analysis

Powder X-ray diffraction patterns of samples synthesized by the hydrothermal method are shown in Fig. 2. In samples
5.3, 5.6, 5.8, 5.9 and 5.16 (Fig. 2a), only crystalline compounds with a pyrochlore structure of variable composition (CSD
1961005) were found. However, in the case of sample 5.3, when rinsing the precipitate obtained as a result of hydrothermal
synthesis by decantation, it was noticed that the poured out liquid is cloudy and contains suspended particles. After drying
the suspension, when studying these particles on SEM, it was found that their chemical composition was enriched with
iron. Apparently, the nominal composition of sample 5.3 is beyond the stability field boundary of the pyrochlore phase
from the Fe2O3 side, therefore, part of the iron (III) oxide does not inserted into the pyrochlore phase structure and forms
an impurity phase. Crystallization of iron (III) oxide, which is excessive in relation to the pyrochlore phase composition,
in a slightly acidic medium of a hydrothermal fluid (pH ∼ 4–5), is apparently difficult, since after 72 h of isothermal
exposure (T = 200◦C), it is impossible to observe reflections related to any structural modifications of iron (III) oxide in
the XRD pattern of the sample 5.3. It is possible to significantly accelerate the crystallization of excess iron (III) oxide by
lowering the hydrothermal fluid pH to strongly acidic values (pH < 1), which is shown in [19, 27], where pyrochlore/α-
Fe2O3 composites are obtained.

FIG. 2. Powder XRD patterns of samples synthesized by the hydrothermal method: (a) samples 5.3,
5.6, 5.8, 5.9, 5.16; (b) samples 5.12, 5.20, 5.21, 5.22; (c) samples 5.17, 5.18, 5.34 (Co-Kα radiation)
(Miller indices hkl are indicated only for selected reflections)

XRD patterns of samples 5.12, 5.20, 5.21, and 5.22 (Fig. 2b) show, in addition to intense reflections of the pyrochlore
phase, a set of barely noticeable reflections, identical for all these samples and related to the compound Bi2WO6 (PDF-2
No. 73-1126), crystallizing in the structural type of the Aurivillius phase. As a result of the pyrochlore-structured com-
pounds composition study in these samples by the local EDXMA of single particles, it was found that the compositions
determined in this way do not differ from the bulk compositions of the corresponding samples within the limits of es-
timated standard deviations (e.s.d.s). At the same time, the local EDXMA of single Aurivillius phase particles in these
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samples showed that there is no iron in their composition, which indicates namely the formation of a two-component
Aurivillius phase. Thus, it can be assumed that the bulk composition of the obtained two-phase samples, in which the
Bi2WO6 phase is present in an impurity amount and does not affect the results of the EDXMA, with some approximation
corresponds to the stability field boundary of the pyrochlore phase from the side of the Bi2WO6 phase.

First, the precise value of the cubic unit cell parameter of pyrochlore (a = 10.33193(8) Å) was calculated for sample
5.12 using program Celsiz, version 1.1 [30] working by the least squares method and using the Miller indices hkl of
all observed pyrochlore reflections and their Bragg angles 2θB after applying the angular corrections (to zero shift and
displacement). For these calculations, the XRD pattern of sample 5.12, measured with Cu-Kα radiation and a long
intensity accumulation total time in step (2560 s) was used. Note that without taking into account angular corrections, the
value of a is ∼ 0.0035% higher and its e.s.d. is ∼ 1.5 times greater.

Further, using the same XRD pattern of sample 5.12, measured with high statistics, which is described above, es-
timates were made of the average size D of coherent X-ray scattering regions, also called crystallites, and the absolute
value of the average microdeformation (microstrain) εs in these regions. To obtain these parameters D and εs of the
microstructure, using the SizeCr program [31], a profile analysis of XRD lines (line profile anslysis, LPA) was carried out
utilizing the Williamson-Hall (WHP) [32] and size-strain plot (SSP) [33] graphical methods.

According to the value of the criterion (full width at half the maximum intensity) FWHM/Bint = 0.70(5), averaged

over all observed XRD reflections, where FWHM is the observed FWHM of the XRD reflection, and Bint =
Iint
Imax

is its

integral width (Iint and Imax are integral and maximum reflection intensities, respectively), the observed reflections of
sample 5.12 are characterized by a pseudo-Voigt (pV) type [34]. The observed values of the FWHM were corrected for
instrumental broadening (hereinafter the corrected FWHM referred to as FWHMcorr) using the SizeCr program adopting
procedures that take into account the type of XRD reflections [31–33]. Also, taking into account the type of XRD
reflections, the program SizeCr calculates the points of the WHP and SSP graphs using the corrected values, FWHMcorr

and 2θB . The coefficients KScherrer = 0.94 in the Scherrer equation [35] and Kstrain = 4 in the Wilson-Stokes equation
[36] were used in the calculations, relating the contributions to the broadening of reflections with the values D and εs,
respectively. When constructing the WHP and SSP graphs, the coefficient of determination Rcod was calculated (see its
definition in [31, 33]), showing how well the experimental points fit on the approximation line Y = A + B ·X (ideally,
when all points fit on the line, Rcod = 100%).

Fig. 3 shows the obtained SSP and WHP graphs for sample 5.12.

FIG. 3. (a) SSP and (b) WHP graphs constructed using XRD line profile analysis performed for sample
5.12. Approximation straight line Y = A + B · X of SSP (and WHP) dependence is shown in the
corresponding Figures, where the values Y and X are indicated along the ordinate and abscissa axes,
respectively. The symbol d means the interplanar distance corresponding to the reflection with Miller
indices hkl and Bragg angle 2θB (Bragg angle corrections are applied), and λ = 1.540598 Å is the
wavelength of Cu-Kα1 radiation (after correcting the contribution of Cu-Kα2).

For sample 5.12, SSP shows low reliability, which is reflected by a large spread of points around the approximation
line and a low value of the coefficient Rcod = 0.39% (Fig. 3a). At the same time, the WHP method for sample 5.12
(Fig. 3b) is characterized by a sufficiently large value Rcod = 73.88%. Nevertheless, both methods give one the same
results, indicating large crystallite sizes and confirming each other. In particular, as can be seen from Fig. 3a,b, the
approximation straight line Y = A + B · X for sample 5.12 in the case of SSP is characterized by a negative slope
(B < 0), and in the case of WHP its intersection with the Y axis occurs in the region of negative values (A < 0). In both
cases, this formally corresponds to the infinite size of the crystallites (D =∞). In the case of D =∞, the values εhkls of
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the microstrain corresponding to each observed reflection with Miller hkl indices were calculated by the SizeCr program
from the Wilson-Stokes equation [36]. Indeed, for sample 5.12, the dependence εhkls (2θB) shows an almost uniform
distribution of experimental εhkls values around the mean value εs = 0.050(6)% obtained by root-mean-square averaging
(Fig. 4).

FIG. 4. Distribution of microstrain values εhkls along the Bragg angles 2θB . The εhkls values are calcu-
lated for reflections hkl within the framework of the D =∞ model. The horizontal line corresponds to
the mean value εs obtained by the root-mean-square averaging of the εhkls values

Taking into account that the observed values of the FWHM of the pyrochlore phase reflections in other samples differ
only slightly from those in sample 5.12, there is no reason to expect significant differences in the calculated values of the
average crystallite sizes and microstrains for the crystalline pyrochlore phase in other synthesized samples.

Fig. 5 shows the dependence of the pyrochlore phase cubic unit cell parameter a on the phase composition expressed
in Bi/W (at.) atomic ratio and assumed to be equal to the bulk composition of the samples 5.3, 5.6, 5.8, 5.9, 5.16, 5.12,
5.20, 5.21, and 5.22. The unit cell parameter a of these samples was calculated in the Celsiz program in the same way
as described above for sample 5.12, based on the results obtained from the analysis of their XRD patterns measured with
Co-Kα radiation and total time of 123 s of the intensity accumulation in point step (except for sample 5.12, for which
the precise parameter a value was used, obtained as described above). According to the data presented in Fig. 5, the unit
cell parameter increases linearly with an increase in the atomic ratio Bi/W, which, apparently, is due to an increase in
the number of Bi3+ cations having a large radius in the structure due to their occupation of cation vacancies in the A2O‘
sublattice.

In the XRD pattern of the sample 5.17 (Fig. 2c), reflections of the pyrochlore phase are detected, the unit cell pa-
rameter of which is a = 10.4199(6) Å. The pyrochlore phase composition in this sample corresponds to the pyrochlore
phase stability field boundary from the Bi2O3–Fe2O3 system side and can be indirectly determined through the unit cell
parameter when it is substituted into the equation a = f (Bi/W, at.) shown in Fig. 5: determined in this way Bi/W atomic
ratio is ∼ 1.25.

In addition to the pyrochlore phase reflections, a set of reflections is observed in sample 5.17, which can be equally at-
tributed to both the compound Bi2WO6 (PDF-2 No. 73-1126) and the compound of the formal composition Bi1.5Fe0.5WO6

(PDF-2 No. 38-1285). The same set of reflections is observed in the XRD pattern of sample 5.18, while the pyrochlore
phase reflections are absent (Fig. 2c). Both compounds (Bi2WO6 and Bi1.5Fe0.5WO6) belong to the class of Aurivillius
phases and have the same set of reflections, apparently differing in the number and nature of perovskite-like layers. It is
extremely difficult to distinguish these compounds in XRD patterns, which requires the use of additional research meth-
ods, in particular, the analysis of these compounds particles chemical composition by the local EDXMA. In samples 5.17
and 5.18, it was not possible to carry out such an analysis (see Section 3.3), as was done for other samples described
above. However, TEM studies confirmed the formation of a single-layer Aurivillius phase Bi2WO6 in them. In sample
5.17 the Aurivillius phase Bi2WO6 crystallite size in the crystallographic direction [113] was calculated using the Scher-
rer method and amounted to ∼ 20 nm. Two amorphous halos are observed in the XRD pattern of sample 5.34 (Fig. 2c),
against which narrow but low-intensity reflections of an unknown phase are visible.

When comparing the chemical composition of samples 5.17, 5.18, and 5.34 with the results of XRD, it can be
concluded that they contain a phase, which chemical composition enriched in bismuth and iron oxides and the reflections
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FIG. 5. Dependence of the pyrochlore phase cubic unit cell parameter a on the phase composition
expressed in Bi/W (at.) atomic ratio and assumed to be equal to the bulk composition of the samples
5.3, 5.6, 5.8, 5.9, 5.16, 5.12, 5.20, 5.21, and 5.22

of which cannot be detected in XRD patterns, and the amount of this phase increases with an increase in the content of
these oxides in the bulk chemical composition of the samples.

Fig. 6 shows a concentration triangle, which compares the results of determining the bulk chemical and phase com-
position of the obtained samples. The shaded area indicates the localization of the pyrochlore-structured compounds
concentration stability field in the BiO1.5–FeO1.5–WO3 system at T = 200◦C, which is longitudinally limited within the
atomic ratios 0.47 < Bi/W < 1.25, and in the transverse direction within 1.14 < Bi/Fe < 1.87.

FIG. 6. Comparison of the bulk chemical composition and phase composition of the samples synthe-
sized by the hydrothermal method on the concentration triangle of the BiO1.5–FeO1.5–WO3 system
(the shaded area indicates the localization of the pyrochlore-structured compounds concentration stabil-
ity field at T = 200◦C

3.3. SEM

The SEM data for the samples synthesized by the hydrothermal method are shown in Fig. 7 ((a) 5.6, (b) 5.8, (c) 5.9,
(d) 5.16, (e) 5.12 and (f) 5.17). In samples 5.3 (not shown), 5.6, 5.8, 5.9 and 5.16, the only crystalline phase in which,
according to the XRD data, is the pyrochlore phase, submicron particles of only one morphological motif are observed.



248 M. S. Lomakin, O. V. Proskurina, A. A. Levin, V. N. Nevedomskiy

In sample 5.6, the particles have an almost spherical shape, resembling a poorly faceted octahedron, while in samples 5.3
(not shown), 5.8, 5.9 and 5.16 the particles have a predominantly clear octahedral shape. The octahedral morphology of
the pyrochlore phase particles is determined by their synthesis conditions, mainly by the pH value of the hydrothermal
fluid (pH ∼ 4–5), as shown in [20].

In sample 5.12, in addition to the pyrochlore phase particles, which make up the bulk of the sample, rare plate-like
particles with a thickness of ∼ 50–100 nm are observed, fused with each other along flat edges into layered aggregates
(Bi2WO6 phase). For other samples also containing impurity amounts of the Bi2WO6 phase (5.20, 5.21 and 5.22), a
similar situation is observed, while micrographs of sample 5.17 are different, despite the qualitatively identical phase
composition, according to XRD data.

Three morphological motifs are observed in micrographs of sample 5.17: (1) pyrochlore phase octahedral particles;
(2) rod-shaped nanoparticles, which are, apparently, compounds with the Aurivillius phase structure; (3) agglomerates of
nanoparticles, the morphology of which is difficult to determine according to SEM data. Since the reflections belong-
ing to only two crystalline phases were detected in the XRD pattern of sample 5.17, the (3) nanoparticles observed in
micrographs are apparently X-ray amorphous. Precise determination of the crystalline pyrochlore phase and Aurivillius
phase individual particles composition in this sample employing the local EDXMA is complicated by the fact that the
above-mentioned X-ray amorphous nanoparticles are localized, including on their surface. In micrographs of sample
5.18 (not shown), a similar situation is observed, but the pyrochlore phase particles are not detected in this case, which
is consistent with XRD data. In micrographs of sample 5.34 (not shown), in which, according to XRD data, barely no-
ticeable reflections of an unknown phase are observed against the background of an amorphous halo, the entire array of
particles is represented by agglomerates of X-ray amorphous nanoparticles. In order to determine the nature and size of
these nanoparticles, as well as the structure of rod-shaped nanoparticles, samples 5.17 and 5.18 were studied by the TEM
method.

3.4. TEM

The TEM data for the samples synthesized by the hydrothermal method are shown in Fig. 8: (a,b,c,d) – 5.17 and
(e,f) – 5.18. Three morphological motifs are observed in sample 5.17, which can be correlated with the XRD data as
follows: (1) large octahedral particles of submicron sizes are pyrochlore-structured compounds (Fig. 8a); (2) rod-shaped
nanoparticles of various lengths having a thickness of∼ 10–30 nm are, most likely, compounds with the Aurivillius phase
structure (Bi2WO6, PDF-2 No. 73-1126) (Fig. 8a,b,c); (3) almost spherical nanoparticles, which size is about 10 nm,
are an X-ray amorphous phase (Fig. 8a,b,c). In sample 5.18, only (2) and (3) morphological motifs can be observed,
which, apparently, correlate with the results of XRD in a similar way (Fig. 8e). The above assumptions are confirmed
when considering nanoparticles in the high resolution mode (HRTEM), as well as when studying them using electron
diffraction.

In the HRTEM, the structure of rod-shaped nanoparticles resembles a layered structure formed by alternating atomic
planes composed of various sorts of atoms, as indicated by the different brightness of the atomic planes and the different
interplanar distance between them (Fig. 8c). The Bi2WO6 compound is the simplest member of the Aurivillius phases
family, the structure of which can be represented as two alternating layers: a fluorite-like layer Bi2O2+

2 and a perovskite-
like layer WO2−

4 , while the unit cell parameter c is∼ 16.43 Å. In the micrograph of a rod-shaped nanoparticle obtained in
the HRTEM, exactly such a layered structure is observed (Fig. 8c). If the left side of the nanoparticle is considered, then
the following sequence of atomic planes alternation can be noted: two adjacent atomic planes having the same brightness,
the distance between which is less than the distance from any of them to the nearest neighboring, brighter atomic plane,
form a fluorite-like layer Bi2O2+

2 , while the brighter atomic plane is a perovskite-like layer WO2−
4 . When comparing

the observed structure with the Bi2WO6 compound unit cell structure, the average value of the parameter c ∼ 16.33 Å
over several unit cells was determined. When considering the right side of the same nanoparticle, a similar structure is
observed, however, in this case, the atomic planes that make up the fluorite-like layer Bi2O2+

2 are brighter than the atomic
plane, which is the perovskite-like layer WO2−

4 . The measured in this case average value of parameter c was ∼ 16.07 Å
over several unit cells. Similar measurements made for another rod-shaped nanoparticle (not shown) give a result close
to the previous ones ∼ 16.59 Å. When averaging all measured values of the unit cell parameter c, its value is ∼ 16.33 Å,
which indicates the formation of a single-layer Bi2WO6 phase and does not confirm an increase in the number of layers
of the perovskite-like block. It should be noted that the rod-shaped nanoparticles observed in sample 5.18 have a similar
structure and are the Bi2WO6 compound.

In Fig. 8c, in addition to the rod-shaped nanoparticle, several almost spherical nanoparticles can be noted, the size of
which is about 10 nm. For nanoparticles that are found in the Bragg position, it is possible to observe sets of atomic planes
that have the same brightness and a single interplanar distance within a particle. This, firstly, indicates the crystalline
nature of such nanoparticles and, secondly, suggests that they are not layered compounds. In the electron diffraction
pattern obtained from a certain group of such nanoparticles (Fig. 8d), the set of diffraction rings can be observed, while a
broadened ring from the amorphous phase is not observed, which indicates the absence of an amorphous component.

In Fig. 8e (sample 5.18), a certain number of rod-shaped (Bi2WO6 compound) and almost spherical (X-ray amor-
phous phase) nanoparticles can be observed, the electron diffraction pattern from which is shown in Fig. 8f. When
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FIG. 7. SEM images of samples synthesized by the hydrothermal method: (a) 5.6, (b) 5.8, (c) 5.9, (d)
5.16, (e) 5.12 and (f) 5.17)

comparing the interplanar distances calculation results with a characteristic set of those for the Bi2WO6 compound, it was
possible to establish a reliable match for eight of the ten indicated in Fig. 8f diffraction rings (Table 3). Two diffraction
rings (3 and 10), the appearance of which is slightly different from the others, relate to diffraction from the substrate. It
is not possible to perform a precise calculation of interplanar distances using other diffraction rings, that not indicated in
Fig. 8f, due to their low brightness. It is important to note that the diffraction rings attributed to the Bi2WO6 compound
may also relate to diffraction from nanoparticles of the X-ray amorphous phase, as well as other less bright and therefore
not indicated in Fig. 8f diffraction rings.

3.5. Thermal stability

The thermal stability of the pyrochlore-structured compounds synthesized by the hydrothermal method was studied
using sample 5.16 as an example. Two kinetic regimes were studied: (1) nonequilibrium (HTXRD and DSC/TG) and (2)
quasi-equilibrium (annealing-quenching).

The data of the HTXRD of sample 5.16 (Fig. 9) indicate that no phase transformations occur in the sample up to a
temperature of 545◦C. Starting with a temperature of 585◦C, the appearance of reflections belonging to the compound
Bi2WO6 (PDF-2 No. 73-1126) is observed in HTXRD patterns. With a further increase in temperature to 765◦C, the
intensities of the Bi2WO6 phase reflections constantly increase, however, the pyrochlore-structured compound remains
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FIG. 8. TEM images of samples synthesized by the hydrothermal method: (a, b, c, d) 5.17 and (e, f) 5.18

the predominant phase. The pyrochlore phase unit cell parameter increases in the temperature range 585–765◦C, however,
its change with increasing temperature is due not only to thermal lattice expansion, but also to a change in the composition
of the compound during its gradual decomposition. At a temperature of 785◦C, qualitative and significant quantitative
changes can be noted in the HTXRD pattern: reflections of two new phases appear – Fe2WO6 (PDF-2 No. 70-2024) and
BiFeWO6 (PDF-2 No. 38-1289), and the amount of pyrochlore phase decreases sharply relative to the Bi2WO6 phase. No
qualitative changes are observed in the XRD pattern obtained after cooling the sample from 785◦C to room temperature
in the natural mode (40–50 min), however, a further decrease in the amount of the pyrochlore phase is clearly noticeable
compared to the amounts of Bi2WO6, Fe2WO6 and BiFeWO6 phases.

The presented results of HTXRD studies of sample 5.16 allow to conclude that in the temperature range 585–765◦C
the equilibrium composition of the pyrochlore phase changes, which corresponds to its continuous decomposition with
the formation of the Bi2WO6 phase with an increase in temperature, while at a temperature of 785◦C instantaneous
decomposition of the pyrochlore phase of the composition corresponding to the higher temperature point of the pyrochlore
stability field is observed.

The DSC/TG data for sample 5.16 are presented in Fig. 10. At the initial stage of heating in the range from 75◦C
to 230◦C, a weak endothermic effect is observed on the DSC curve with a maximum at 130◦C, which corresponds to a
noticeable weight decrease of 1.37% on the TG curve. With further heating, weight loss is observed up to a temperature
of 580◦C, however, in the range of 230–580◦C it proceeds more slowly and amounts to only 0.47%. Apparently, the
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TABLE 3. The results of comparing the interplanar distances calculated from electron diffraction data
with those for the Bi2WO6 compound (PDF-2 No. 73-1126)

The Interplanar distances (d) Miller indices hkl

designation according to the electron of Bi2WO6 compound

in Fig. 8f diffraction data (Fig. 8f), Å reflections

1 3.132 113

2 2.704 006 200 020

3 2.101 substrate

4 1.911 206 026 220 018

5 1.635 119 313 208 133

6 1.553 226 0110 218

7 1.353 0012 400 040 038

8 1.209 145 2012 0212 406 420 046 0310 240 238

9 1.103 2212 426 246 2310

10 1.036 substrate

FIG. 9. Powder XRD patterns of sample 5.16, measured in situ at various heating temperatures: (a)
from 25◦C to 685◦C; (b) from 725◦C to 785◦C and after cooling from 785◦C to room temperature in
the natural mode (Cu-Kα radiation) (Miller indices hkl are indicated only for selected reflections)

loss of weight at this stage of heating is due to further water removal, but decomposition of impurity carbonates formed
during the hydrothermal synthesis is also possible. Further, when the sample is heated to a temperature of 815◦C, its mass
practically does not change. On the DSC curve in the range from 230◦C to 795◦C, it is not possible to distinguish thermal
effects due to their low intensity. According to the data of HTXRD analysis (Fig. 9), the pyrochlore phase decomposition
occurs in the temperature range of 585–785◦C. This process, like most solid-phase reactions, is kinetically hindered and
has small thermal effects, which makes it much more difficult to detect on the DSC curve. In the temperature range of
795–900◦C, three consecutive endothermic effects are observed, which can be associated with the melting of the phases
formed during the pyrochlore phase decomposition.

Sample 5.16 was annealed sequentially to temperatures of 585◦C, 685◦C and 725◦C (Fig. 11), and quenching was
carried out to room temperature in air by removing the crucible with the sample from a hot furnace. The duration of
each annealing was 12 h, and the duration of cooling of the samples to room temperature was ∼ 10–15 min. The sample
obtained by annealing to a temperature of 585◦C, after XRD analysis, was used for annealing to a temperature of 685◦C
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FIG. 10. DSC/TG curves obtained by heating the sample 5.16

FIG. 11. Powder XRD patterns of samples obtained by annealing sample 5.16 to various temperatures
(585◦C, 685◦C, and 725◦C) with quenching to room temperature. The measurements were carried out
at room temperature (Cu-Kα radiation) (Miller indices hkl are indicated only for selected reflections)

and so on. The bulk chemical compositions of the samples obtained as a result of annealing-quenching correspond within
the limits of e.s.d.s to the initial sample composition, which indicates the absence of noticeable volatilization of the
components.

In the XRD pattern of the sample obtained by annealing to 585◦C, the appearance of the nanocrystalline Bi2WO6

(PDF-2 No. 73-1126) phase reflections is observed. The Aurivillius phase Bi2WO6 crystallite size in the crystallographic
direction [113] was calculated using the Scherrer method and amounted to ∼ 28 nm, however, the intensity of its reflec-
tions turns out to be several times greater than observed according to HTXRD data at this temperature (Fig. 9a,11). In the
XRD pattern of the sample obtained by annealing to 685◦C (Fig. 11), a further increase in the Bi2WO6 phase reflections
intensity can be noted, which is qualitatively consistent with the HTXRD data (Fig. 9). Significant qualitative and quan-
titative changes are observed in the XRD pattern of the sample obtained by annealing to 725◦C: the appearance of three
new phases is recorded – Fe2WO6 (PDF-2 No. 70-2024), BiFeWO6 (PDF-2 No. 38-1289) and barely noticeable amounts
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of Bi2W2O9(PDF-2 No. 33-221), and the reflections of the pyrochlore phase are not observed, which indicates the com-
pleted decomposition of the pyrochlore phase having the composition corresponding to the higher temperature point of
its stability field. Comparing the phase composition of the sample obtained by annealing to 725◦C and the HTXRD
data obtained in the temperature range 725–785◦C (Fig. 9b,11), it can be concluded that the temperature readings when
recording the XRD pattern in situ are more than 60◦C ahead of the temperature at which the phase composition observed
on the HTXRD is equilibrium.

4. Conclusions

Pyrochlore-structured compounds of variable composition formed in the Bi2O3–Fe2O3–WO3 system under hy-
drothermal conditions (T = 200◦C, P = 7 MPa, hydrothermal fluid pH ∼ 4–5) were obtained in the form of single-phase
materials and as part of composite nanomaterials, and characterized.

The concentration stability field localization of the pyrochlore-structured compounds was established and phase equi-
libria involving these compounds were studied. It was shown that under the studied hydrothermal synthesis conditions, a
pyrochlore-structured compounds were obtained in the form of submicron particles, predominantly of a clear octahedral
shape, which indicates the intensification of their growth processes under such conditions. At the same time, it was found
that the phases coexisting with these compounds are formed in nanocrystalline form: in the region of two-phase equilib-
rium from the Bi2O3–WO3 system side, plate-like (thickness h ∼ 50–100 nm) nanoparticles of the Bi2WO6 compound
are formed; in the region of compositions from the Bi2O3–Fe2O3 system side, rod-shaped ( h ∼ 10–30 nm) nanoparticles
of the Bi2WO6 compound are formed, which crystallite size in the crystallographic direction [113] is ∼ 20 nm, as well as
X-ray amorphous nanoparticles with a size of about 10 nm.

The presented results of pyrochlore-structured compounds thermal stability investigation allow to conclude that in
the temperature range from ∼ 585◦C to ∼ 725◦C the equilibrium composition of the pyrochlore phase changes, which
corresponds to its continuous decomposition with the formation of the nanocrystalline Bi2WO6 phase with an increase
in temperature, while at a temperature of 725◦C instantaneous decomposition of the pyrochlore phase of the composition
corresponding to the higher temperature point of the pyrochlore stability field is observed.
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