
NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2020, 11 (3), P. 338–344

Formation of Bi2WO6 nanocrystals under conditions of hydrothermal treatment

A. S. Svinolupova1,2, M. S. Lomakin3, S. A. Kirillova2, O. V. Almjasheva3

1St. Petersburg State Institute of Technology, Moskovsky Pr., 26, St. Petersburg, 190013, Russia
2St. Petersburg Electrotechnical University “LETI”, Professor Popov St. 5, St. Petersburg, 197376, Russia

3Ioffe Institute, Politekhnicheskaya St. 26, St. Petersburg, 194021, Russia

assvinolupova@etu.ru, almjasheva@mail.ru

PACS 81.07.Wx, 81.07.-b DOI 10.17586/2220-8054-2020-11-3-338-344

Nanocrystalline Bi2WO6 was synthesized by means of hydrothermal treatment. It was shown that the formation rate of bismuth tungstate nanocrys-
tals was determined by the presence of clusters formed at the stage of precipitation and having the same structure as that of Bi2WO6, and the
morphology of particles formed during hydrothermal treatment depended on the hydrothermal medium’s pH.
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1. Introduction

Currently, materials based on perovskite-like oxides are of great interest, since they are characterized by a
wide spectrum of functional properties, which make them promising products with respect to various technical
fields [1–5]. Bismuth tungstate, a compound with a laminated perovskite-like structure of the Aurivillius phase type
(Bi2O2)2+(An−1BnO3n+1)2−(Bi2WO6) that has a wide spectrum of important functional characteristics is one of the
most in-demand materials [6–14].

To obtain Bi2WO6, different methods may be applied, including the solid-phase synthesis [15], solution burn-
ing [16–18], microwave heating [19], sol-gel technique [20], solvothermal reaction [21, 22], electro spinning [23, 24],
hydrothermal synthesis [25–30], etc. The most common methods include soft chemistry processes [7–9,16–21,25–30],
among which a hydrothermal treatment method should be emphasized [7–9,25–30]. The hydrothermal or solvothermal
synthesis popularity is due to the possibility of obtaining bismuth tungstate in one step.

It should be noted that varying the synthesis procedures usually leads to variation in the structure, particle size,
particle size distribution, morphology, which, in turn, significantly affects the synthesized compound’s functional
characteristics [6–30].

Thus, it is important to understand mechanisms of formation of the compounds depending on the synthesis con-
ditions for the synthesis of materials with specified properties. Therefore, the objective of this study is to examine the
effect of hydrothermal treatment conditions on the formation process and morphology of nanostructured Bi2WO6.

2. Experimental

Aqueous solutions of bismuth (III) nitrate (Bi(NO3)3 · 5H2O, AR grade, GOST 4110-75) and sodium tungstate
(Na2WO4 · 2H2O, AR grade, GOST 18289-78) were used as the starting materials for bismuth tungstate synthesis.

The separately prepared bismuth nitrate solution in nitric acid – acidified distilled water and sodium tungstate
aqueous solution were mixed in the stoichiometric ratio and stirred using a mechanical agitator for 30 minutes
(BWO start). Then, a concentrated (12 M) aqueous solution of ammonium hydroxide (NH4OH, CP, GOST 3760-
79) was added, to achieve a specified pH value. The pH values varied in the range from 2 to 13.

The hydrothermal treatment was performed in a steel autoclave with a teflon liner. The hydrothermal treatment
temperature was 120, 150, 180 ◦C, the pressure was 70 MPa, and the isothermal time was 0.5 – 20 h. The obtained
sediment was separated by decantation, flushed with distilled water and dried to a constant weight at 80 ◦C.

To study the effect of the starting components’ pre-history on the formation process of bismuth tungstate under
hydrothermal conditions, four variants of an initial suspension have been used as the starting material, and the sus-
pension was obtained by mixing the aqueous solutions of sodium tungstate and bismuth nitrate, with the addition of
ammonium hydroxide solution until pH = 10 (BWO init):

(1) the initial suspension was subjected to hydrothermal treatment without flushing or any additional procedures
(T = 180 ◦C, P = 70 MPa, τ = 2 h) – sample BWO init HT;
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(2) the initial suspension was filtered (without flushing) and dried at 80 ◦C (sample – BWO init dry), then
the powder was subjected to hydrothermal treatment (T = 180 ◦C, P = 70 MPa, τ = 2 h) – sample
BWO init dry HT;

(3) the initial suspension was flushed with distilled water to remove impurity ions, until pH = 7 and the ab-
sence of NO−

3 and subjected to hydrothermal treatment (T = 180 ◦C, P = 70 MPa, τ = 2 h) – sample
BWO clean HT;

(4) the initial suspension was flushed with distilled water to remove impurity ions, until pH = 7 and the absence
of NO−

3 , dried at 80 ◦C (sample BWO clean dry) and subjected to hydrothermal treatment (T = 180 ◦C,
P = 70 MPa, τ = 2 h) – sample BWO clean dry HT.

The elemental composition was determined by X-ray fluorescence analysis (XRF) (using Spectrascan Max GF2E)
and by energy-dispersive X-ray spectroscopy (EDX) with the use of a scanning electron microscope (Vega3 Tescan
and FEI Quanta-200) with EDAX energy-dispersive analyzer.

The samples’ phase composition was analyzed by means of X-ray powder diffraction, using RigakuSmartLab
3 X-ray diffractometer (CoKα-radiation). The peaks in the diffractogram were identified using PDWin 4.0 soft-
ware package and Crystallographica Search-Match package. The mean crystallite size was assessed by way of X-ray
diffraction line profile analysis, using the Scherrer formula and a software package (SmartLabStudio III).

The obtained materials’ morphology was studied by means of scanning electron microscopy (Tescan Vega3 mi-
croscope).

The IR-spectroscopy was carried out using Shimadzu IRTracer-100 spectrometer equipped with LabSolutions IR
software.

3. Results and discussion

The ratio of elements in all of the non-flushed samples corresponded to the vicinity of bismuth tungstate singular
point (Table 1), within the predetermined error tolerance.

TABLE 1. The results of elemental analysis of the studied materials

Sample
Molar ratio Bi/W

XRF EDX

BWO init HT 2.2 1.9

BWO init dry 2.2 –

BWO init dry HT 2.2 –

BWO clean HT 2.6 –

BWO clean dry 2.8 –

BWO clean dry HT 2.8 –

As follows from Table 1, when the suspension is flushed, a change in the Bi/W ratio, i. e. an increase in bismuth
content occurs. This may be due to the fact that at pH = 10 some portion of tungsten passes into solution as a result of
the interaction with excessive NH4OH and is removed from the system during decantation.

It should also be noted that, within the methods sensitivity, the samples following hydrothermal treatment con-
tained no impurity elements (Na), the presence of which may be associated with the starting reagents’ chemical
composition.

The results of X-ray analysis of the samples following hydrothermal treatment are presented in Fig. 1(a,b). Ac-
cording to X-ray diffraction data, when a suspension with no additional treatment (Fig. 1(b), BWO init HT) is used as
the starting material for hydrothermal synthesis, X-ray peaks corresponding only to Bi2WO6 are observed (ICSD code
73-1126). The size of Bi2WO6 crystallites is approximately 30 nm. If the suspension is firstflushed with distilled water
until neutral pH, then, following hydrothermal treatment, the X-ray diffractogram will show peaks indicating the pre-
dominant formation of bismuth oxide (δ-Bi2O3), with an insignificant amount of Bi2WO6 (Fig. 1(b) BWO clean HT).
In this case, the tungsten-containing component appears to be washed out of the immediate surrounding of Bi(OH)3,
which contributes to δ-Bi2O3 formation during hydrothermal treatment of the composition.

After the initial suspension drying at 80 ◦C, an X-ray amorphous powder was formed (Fig. 1(a), BWO init dry),
the hydrothermal treatment of which at 180 ◦C for 2 hours did not lead to any noticeable changes in the phase state
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FIG. 1. X-ray diffractograms of the samples with various pre-histories of the initial suspension: a –
the suspensions were dried; b – the suspensions were not dried

(Fig. 1(a), BWO init dry HT). Drying of the flushed suspension (sample BWO clean dry) led to formation of X-ray
amorphous powder (Fig. 1(a), BWO clean dry), as well as in the case with no flushing procedure. However, fol-
lowing hydrothermal treatment, a crystalline phase was formed, which was solely presented by δ-Bi2O3 (Fig. 1(a),
BWO clean dry HT). It should be noted that the size of δ-Bi2O3 crystallites was about 70 nm for all samples, which
is significantly greater than that of Bi2WO6 crystallites formed as a result of hydrothermal treatment (Fig. 1(b),
BWO init HT).

Note that for the synthesis of ZrO2 [31], CoFe2O4 [32], BiFeO3 [33, 34] nanoparticles, there was a substantial
difference in the samples’ phase state following hydrothermal treatment of precipitated hydroxides – without their
preliminary drying and after drying. Such differences seem to be associated with a change in the initial amorphous
deposit composition and structure as a result of its thermal processing.

Since the suspension flushing and drying appeared to result in a change in the hydrothermal medium pH value
from 10 to 7, the effect of pH on the crystallization process was studied. A suspension obtained with no flushing
and drying (BWO start) was used as the starting material. The medium acidity was 2, 8, 10, 13. The hydrothermal
treatment temperature was 180 ◦C, the pressure was 70 MPa, and the duration was 2 h.

The results of elemental analysis are presented in Table 2. The results of X-ray diffraction analysis and morpho-
logical analysis of the obtained materials are presented in Fig. 2.

TABLE 2. The results of the studied materials’ elemental analysis, following hydrothermal treat-
ment at 180 ◦C for 20 h

pH
Molar ratio Bi/W

XRF EDX

2 2.1 2.0

8 2.2 1.9

13 2.1 1.9
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FIG. 2. X-ray diffractograms and microphotographs of the samples at various pH values of the
hydrothermal medium. Hydrothermal treatment conditions: temperature of 180 ◦C, pressure of
70 MPa, isothermal time of 2 h (a) and 20 h (b)

Hydrothermal treatment of the sample BWO start at the medium pH = 8 and the isothermal time of 2 h did not lead
to bulk crystallization: only insignificant intensity reflection corresponding to crystalline δ-Bi2O3 was observed in the
X-ray diffractogram (Fig. 2(a)). Additionally, the sample was mostly presented by large, rather dense agglomerates
(Fig. 2(a)), which is characteristic of materials in the X-ray amorphous state. An increase in the hydrothermal medium
pH resulted in active crystallization process (Fig. 2(a)); peaks corresponding to crystalline Bi2WO6 with a crystallite
size of about 25 nm were observed in the X-ray diffractogram. According to scanning electron microscopy data, the
sample is represented by the agglomerates of particles of non-isometric shape, with a thickness of significantly less
than 1 µm and a length of several µm.

When the hydrothermal treatment duration is increased to 20 h, crystalline bismuth tungstate formation is observed
(Fig. 2(b)), irrespective of the medium pH value; and an increase in the pH values results in the narrowing of X-ray
diffraction lines, which reflects an increase in the formed crystallites’ size: from 23 nm at pH = 2 to 50 nm at pH = 13.
It should be noted that the change in pH is accompanied by a significant change in the formed particles’ morphology
(Fig. 2(b)). In acidic conditions (pH = 2), flower-like agglomerates consisting of plates, with a size of 5 – 7 µm and a
thickness of several hundred nanometers are formed. The sample obtained in mildly alkaline conditions is represented
by unstructured plates with a thickness of 100 – 500 nm. The hydrothermal treatment of BWO init in strongly alkaline
conditions (pH = 13) results in the formation of spherical particles with a diameter from 200 to 700 nm (Fig. 2(b)).

Thus, basing on the presented data, it can be concluded that bismuth oxide (δ-Bi2O3) is first crystallized, and then
bismuth tungstate is formed during the hydrothermal treatment. In alkaline conditions, the formation rate of Bi2WO6

is significantly higher due to tungsten passing into solution, which contributes to the mass transfer process. The effect
of pH may also be responsible for processes observed when varying the initial suspension pre-history. If a suspension
subjected to no additional treatment is used, then the hydrothermal medium pH is equal to 10, and the formation rate
of Bi2WO6 is so high that no intermediate product (δ-Bi2O3) can be observed (Fig. 1, BWO init). All other samples
are subjected to a drying procedure, and the stock solution is decanted, which appears to result in lower pH values
and thus a lower formation rate of both the intermediate product, and the end product, i.e. bismuth tungstate. The
initial suspension flushing not only leads to a lower pH value, it may also lead to tungsten “washing out” of the system
and to a deviation from the components’ stoichiometric ratio (Table 1), which results in a lower formation rate of
Bi2WO6. Moreover, spatial separation of the system components is likely to occur during the suspension flushing and
subsequent drying, which hinders the formation of Bi2WO6 under these conditions.

As a result of comparing the IR-spectra of pure bismuth- and tungsten-containing components of the system
Bi2O3–WO3–H2O (Fig. 3, curves 1 and 2) and the spectrum of the initial composition obtained by co-precipitation,
i.e. of the sample BWO init dry (Fig. 3, curve 3), it can be concluded that clusters with a short-range order simi-
lar to the end product structure are formed during precipitation in the system. This is evidenced by, e. g., spectral
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lines ∼780 cm−1 observed in the IR-spectra of the co-precipitated mixture but not present in the spectra of individual
components of the system, and spectral lines ∼730 cm−1 corresponding to W–O bonds within Bi2WO6 [35–37]. It
seems to be the number of such clusters in the co-precipitated sample that determines the activity of formation of
either Bi2WO6, or δ-Bi2O3.

FIG. 3. IR-spectra of the samples obtained by precipitation

An initial suspension (BWO init) was used as the starting material, and the hydrothermal medium pH 10 was
maintained for studying the formation rate of Bi2WO6 at various temperatures of hydrothermal treatment. The ele-
mental composition of the obtained samples is presented in Table 3.

TABLE 3. The results of elemental analysis of the test materials

T , ◦C τ , hours
Molar ratio Bi/W

XRF EDX

120

1 2.19 –

2 2.18 –

4 2.21 –

150

1 – 2.23

2 – 2.05

4 – 2.11

180

0.5 – 1.85

1 – 2.23

1.5 – 1.97

2 – 2.04

As indicated by the data presented in Fig. 4, the formation rate of bismuth tungstate to a significant degree
depends on the hydrothermal treatment temperature. At the hydrothermal treatment temperature of 120 ◦C, almost
trace quantity of bismuth tungstate is observed after 4 hours (Fig. 4(a)). If the temperature is increased to 150 ◦C,
Bi2WO4 will be completely formed within the same period, and an additional increase by 30 ◦C will result in the
completion of bismuth tungstate crystallization in 2 hours (Fig. 4(a)). The formed bismuth tungstate crystallite size is
about 30 nm, and it does not change as the hydrothermal treatment duration is increased (Fig. 4(b)).
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FIG. 4. Crystallization degree (a), crystallite size (b) and morphology (c) as a function of hydrother-
mal treatment temperature and duration: 1c – T = 150 ◦C, τ = 4 h; 2c – T = 180 ◦C, τ = 1.5 h;
3c – T = 180 ◦C, τ = 2 h

As it follows from scanning electron microscopy data (Fig. 4(c)), changes in the hydrothermal treatment tem-
perature and duration produce almost no effect on the formed particles’ morphology. In all cases, particles of a non-
isometric (plate-like) shape with a thickness of 100 – 500 nm and a plate width of up to 5 µm are formed. According
to the results of X-ray diffraction line broadening analysis, the plates observed in Fig. 4(c) consist of crystallites with a
size of about 30 nm. And both the particle size (Fig. 4(c)) and the crystallite size (Fig. 4(b)) remain almost unaffected
by an increase in the hydrothermal treatment temperature and duration.

4. Conclusion

Thus, the presented data allows us to conclude that clusters with a Bi2WO6-like structure are formed at the stage
of precipitation, and the presence of such clusters to a significant degree determines the formation rate of bismuth
tungstate nanocrystals. It should also be noted that the morphology of the particles formed during hydrothermal
treatment depends on the hydrothermal medium’s pH.
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