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a b s t r a c t

Two kinds of bismuth tungsten oxide nanocrystals were prepared by microwave hydrothermal method.

The morphology modulation of nanocrystals synthesized with precursor suspension’s pH varied from

0.25 (strong acid) to 10.05 (base) was studied. The 3D flower like aggregation of Bi2WO6 nanoflakes was

synthesized in acid precursor suspension and the nanooctahedron crystals of Bi3.84W0.16O6.24 were

synthesized in alkalescent precursor. The dominant crystal is changed from Bi2WO6 to Bi3.84W0.16O6.24

when the precursor suspension changes from acid to alkalescence. The growth mechanisms of Bi2WO6

and Bi3.84W0.16O6.24 were attributed to the different solubility of WO4
2� and [Bi2O2]2+ in precursor

suspensions with various pH. For the decomposition of Rhodamine B (RhB) under visible light

irradiation (l4400 nm), different morphology of Bi2WO6 crystal samples obtained by microwavesol-

vothermal process showed different photocatalytic activity.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Bismuth tungsten oxide, is the simplest member of the
Aurivillius family of layered perovskites, which are structurally
comprised of alternating perovskite-like slab of WO6 and [Bi2O2]2+

layers. It has been found that Bi2WO6 possess some interesting
applications, a well-known ferroelectric material [1], an oxygen
ion conductor [2], a potential candidate to be used as catalyst in
the CO to CO2 oxidation [3], a substance for the photocatalytic
decomposition of organic contaminants [4–6]. The Bi2WO6

sample has a suitable valence band that meets the potential
level of oxidizing the organic contaminants. bismuth tungsten
oxide material system was recently studied as visible light
photocatalysts [7–13,22–25]. Tang [4] have reported that
Bi2WO6 had photocatalytic activities for O2 evolution/water
splitting and could degrade the organic compound (CHCl3 and
CH3CHO) under visible light irradiation. Wang et al. [14] recently
studied the effects of surfactant, calcinations and pH value (pH
value range from 1.5 to 7.5) on nano and microstructure of
Bi2WO6.

As for photocatalysts, nanoparticles usually have high photo-
catalytic activities because of their special morphologies, high
surface areas and so on. Experimental observations and theore-
tical calculations also indicate that anisotropic metal nanostruc-
tures exhibit shape-dependent optical properties [15]. Therefore
ll rights reserved.
morphology control of semiconductor and metal oxide nanocrys-
tals become very important in synthesis of nanomaterials [16–19].
Different synthetic approaches may give raise to particular
properties due to possible variation of surface morphology and
structure. Microwave hydrothermal method [20] is clean and
efficient method for materials preparation. Ling et al. [21] recently
successfully synthesized Nanocrystalline Bi2WO6 photocatalyst
with nanosheet morphology was by a microwave solvothermal
process, but the effect of pH value of precursor suspensions
on the Bi2WO6 nanostructure and photocatalysis activity did not
mentioned.

We have synthesized two kinds of bismuth tungsten oxide
nanocrystals by microwave hydrothermal method, and modulated
the morphology by precursor suspension’s pH variation from
strong acid (0.25) to base (10.05), and discussed the growth
mechanism.
2. Experimental details

The preparation of the precursor suspensions consists of four
steps: (1) preparation of 0.2 mol/l Bi3+: added 50 mmol Bi(NO3)3 �

5H2O into 1.2 mol/l HNO3, diluted to 250 ml; (2) Preparation of
0.1 mol/l Na2WO4: added 25 mmol H2WO4 to slightly excessive
NaOH solution, diluted to 250 ml; (3) 0.1 mol/l Na2WO4 solution
was added dropwise into 0.2 mol/l Bi3+ solution, stirring with
magneton stirrer; (4) NaOH solution was added to modulate the
pH value from acid to alkaline.
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Then the reaction mixture was sealed in a 100 mL teflon-lined
digestion vessel. The vessel was enclosed by a safety shield and
heated at 180 1C for 1 h using a microwave synthesizer. A pale
yellow suspension formed after the microwave hydrothermal
treatment. The products were washed with deionized water and
then were dried at 80 1C before characterization.

The products were characterized with X-ray diffraction (XRD,
CuKa, D/max-ra X-ray) to identify the crystal phases, the crystal
morphology was characterized by surface scanning electron
microscopy (SEM, JEOL JSM6700F) and transmission electron
microscopy(TEM, HITACH H-600).

The visible light photocatalytic activities of Bi2WO6 nanopar-
ticles were valuated by the decomposition of rhodamine B (RhB)
in water under visible light irradiation. The optical system for the
photocatalytic reaction was composed of a Xe arc lamp (500 W,
Philips Electronics) and a cutoff filter (l4400 nm). The photo-
catalytic reaction procedures are similar to that in the Ref. [22].
RhB solutions (100 mL, 20 mg L�1) containing Bismuth tungsten
oxide nanocrystals (100 mg) were put in a cylindrical glass
vessel. Before the light was turned on, the solution was first
ultrasonicated for 10 min, and then stirred for 10 min to
ensure equilibrium between the catalyst and the solution. Three
milliliter of samples were taken at given time intervals and
separated through centrifugation (2000 rpm, 15 min). The de-
graded solution was analyzed by a Varian Cary 50 Scan UV-visible
spectrophotometer.
3. Results and discussion

3.1. Crystal phase and morphology characterization

Powder samples prepared were characterized by XRD, as
shown in Fig. 1. The XRD data recognized the crystal structure
as orthorhombic symmetry Bi2WO6 crystal phase (PDF number:
39-0256) from pH ranges of 0.25–7.02, whereas emerged the
second crystal phases of cubic symmetry Bi3.84W0.16O6.24 crystal
phase (PDF number: 43-447) from pH ranges above 9. The XRD
Fig. 1. XRD characterization of bismuth tungsten oxide nanocrys
spectrum’s peak intensity of sample prepared from acidity
precursor suspensions becomes stronger. The intensity of the
strongest (13 1) peak changed from about 150 to about 3000 as
pH varied from 0.25 to 7.02, indicating an increase in crystallite
size and an enhance in crystallinity perfection. The intensity ratios
of the strongest peak (131) and the next strongest peak (0 6 0)
vary as the pH value changed from 0.25 to 7, which implies the
morphology changes of the nanocrystal. The crystal has special
anisotropic growth along the (0 0 1) plane. These results can be
attributed to the orthorhombic structure of the nanocrystal,
which is proved by further study by SEM and TEM.

Morphology modulation of the Bi2WO6 nanoflake via pH was
characterized by SEM and TEM. As the precursor suspension was
in strong acidity (with pH value of 0.25, Fig. 2A), nanoflakes with
poor morphology and crystallinity were observed from SEM,
which aggregated like cabbages, and nearly hollow aggregations
were observed through TEM (Fig. 3A). Electron diffraction scatter
spot of the nanoflakes showed the orthorhombic symmetry,
which was in accord with the XRD spectrum characterization
(PDF number: 39-0256). As the precursor suspension was in
medium acidity, with pH value range from 2 (Fig. 2B) to 4.05
(Fig. 2C), the crystallinity of nanoflake like crystals was enhanced
and the morphology of Bi2WO6 observed from SEM was like
nanoroses, whereas from TEM near unity hollow ball like
aggregations of nanoflakes (with aggregation diameter about
2mm) was observed from TEM photo of Fig. 3B (pH 1.98) and
Fig. 3C (pH 4.05). The diameter unity and morphology perfection
were enhanced as the pH value varied from 1.98 to 4.05. As the pH
value was neuter, nanoflakes of Bi2WO6 were randomly piled up
with no typical aggregation observed from SEM photo (see Fig. 2D,
pH 7.02), but the TEM characterization (Fig. 3D) showed the non-
hollow aggregation of Bi2WO6 crystal.

As the pH value of precursor suspensions reached to alkales-
cence (Figs. 2E and 3E, with pH 9), a second crystal phase
of Bi3.84W0.16O6.24 appeared together with Bi2WO6 thick nano-
flakes. The morphology of Bi3.84W0.16O6.24 was ball-like with
poor crystallinity observed from SEM (Fig. 2E), but the crystal-
linity of Bi2WO6 phase was nearly perfect with nanobrick-like
tals synthesized in precursor suspensions with different pH.
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Fig. 2. SEM characterization of synthesized bismuth tungsten oxide nanomaterials

from precursor suspensions of different pH: (A) 0.25; (B) 1.98; (C) 4.05; (D) 7.02;

(E) 9.00; (F) 10.05.

Fig. 3. TEM characterization of synthesized bismuth tungsten oxide nanomaterials

from precursor suspensions of different pH: (A) 0.25; (B) 1.98; (C) 4.05; (D) 7.02;

(E) 9.00; (F) 10.05.
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(about 100 nm thick), which aggregated to construct architectures
of several micrometers. Morphology of the whole material is
mainly constructed by nanobrick like of Bi2WO6 crystals and ball-
like nanocrystals of Bi3.84W0.16O6.24 phase.

While the pH value of precursor reached to 10.05 (Figs. 2F and
3F), the dominant crystal phase changed to Bi3.84W0.16O6.24. The
Bi3.84W0.16O6.24 crystals with good morphology were observed,
the size of crystals is several hundreds nanometers. The Bi2WO6

phase degenerated to amorphous ball-like nanocrystals dotting on
Bi3.84W0.16O6.24 octahedron crystals.

3.2. Growth mechanism discussion

The growth mechanism of bismuth tungsten oxide is proposed
a hydrothermal ripening process [5]: a highly supersaturated
solution was adopted, and amorphous fine particles acted as the
precursor for the synthesis of crystal. The different morphology of
bismuth tungsten oxide nanomaterials result from the different
solubility of (WO4)2� and (Bi2O2)2+ in precursor suspensions with
various pH.

Bi2WO6 crystals consist of alternating (Bi2O2)2+
n layers and

perovskite like (WO4)2�
n layers, stacking along the c axis, and the

high intrinsic anisotropic growth in various tungstates is mainly
due to the octahedral (WO4)2�

n chains. The small solubility of
(WO4)2�

n in acid solutions results in relatively slow crystal growth
rates. As pH varies from 0.25 to about 4.05, the concentration of
OH� is much lower than that of H+, which refrains the hydrolysis
of (Bi2O2)2+ and decrease the crystal growth rate of Bi2WO6, so the
fast nucleation and aggregation rates of Bi2WO6 nanoflakes result
in the 3D spherical flower-like aggregation. As pH value increased
to 7, the concentration of OH� and H+ is about the same. The
hydrolysis of (Bi2O2)2+ is mediate, but more WO4

2� dissolve in
precursor suspensions, so the amount devoted to crystal growth is
decreased. The anisotropic growth of Bi2WO6 is refrained due to
the decreasing of the amount of WO4

2� devoted to crystal growth.
So the crystal growth rates of Bi2WO6 nanoflakes is not enhanced
evidently. As the pH value reaches 9, the hydrolysis reaction of
(Bi2O2)2+ is enhanced but the concentration of WO4

2� in solution is
also greatly enhanced and very few amount devoted for crystal
growth, so the second phase Bi3.84W0.16O6.24 appears due to the
precipitation of [Bi2O2]2+ and high solubility of WO4

2� in alkaline
solution, thus the Bi2WO6 and the Bi3.84W0.16O6.24 phase coexists
and competition, whereas at pH 9, the crystal phase of Bi2WO6 is
the dominate phase. As the pH value reaches 10.05, the
Bi3.84W0.16O6.24 phase is the dominate phase, because of high
solubility of WO4

2� and very small amount devote to crystal
growth, the anisotropic growth of crystal is refrained , so the
Bi3.84W0.16O6.24 phase is nearly perfect octahedron crystals.

3.3. Photocatalytic activity evaluation

Photocatalytic activities of the samples are evaluated by the
degradation of RhB in the aqueous solution under visible light
irradiation. Temporal changes in the concentration of RhB are
monitored by examining the variations in maximal absorption in
UV–vis spectra at 554 nm. The photodegradation efficiencies of
RhB were evaluated by the different photocatalysts under visible-
light illumination (l4400 nm).

The concentration of rhodamine species was simply deter-
mined by the maximum absorption measurement because the
molar extinction coefficients of different rhodamine species were
in a narrow range. The relationship was revealed by the plots of
the C/C0 (C was the concentration of RhB at the irradiation time t

and C0 was the concentration in the adsorption equilibrium on
Bi2WO6 before irradiation) vs irradiation time (t).

Fig. 4 shows the temporal evolution of the spectral changes of
the RhB mediated by photocatalysts A (Bi2WO6 nanoflakes
synthesized with precursor suspension pH 0.25). With the
photocatalytic degradation of RhB, the absorption peak at
554 nm blue-shifts and broadens at the same time. This agrees
well with the report of Zhao and coworkers in the TiO2/RhB
process [5]. According to their report, the blue-shift of absorption
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Fig. 4. The temporal evolution of the spectral changes of the RhB mediated by

photocatalysts A (Bi2WO6 nanoflakes synthesized with precursor suspension pH

0.25).

Fig. 5. Photodegradation efficiencies of RhB mediated by the different photo-

catalysts (A: pH 0.25; B: pH 1.98; C: pH 4.05; D: pH 7.02; E: pH 9.00; F: pH 10.05;)

as well as without photocatalyst (Blank: the blank test) under visible-light

irradation (l4400 nm).
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band is caused by de-ethylation of RhB because of the attack by
one of the active oxygen species on the N-ethyl group. When the
de-ethylated process is fully completed, the absorption band shifts
to 490 nm at wavelength and RhB turns to rhodamine. Then
rhodamine is gradually decomposed due to the further destruc-
tion of the conjugated structure.

Fig. 5 shows the photodegradation efficiencies of RhB mediated
by the different photocatalysts (A: pH 0.25; B: pH 1.98; C: pH
4.05; D: pH 7.02; E: pH 9.00; F: pH 10.05) as well as without
photocatalyst (blank: the blank test) under visible-light irradation
(l4400 nm), respectively. We could note that RhB could degrade
naturally under visible-light irradiation, but the degradation rate
was extremely slow (shown in Fig. 5 blank). As the precursor
suspension was in acidity, photocatalysis activity of Bi2WO6

nanocrystals shows its dependence on the pH value. The higher
the pH value is, the lower the photocatalyst activity of the sample
performed. It is mainly attributed to a better crystalline phase and
is consistent with the XRD and TEM results. As the pH value of
precursor suspensions reached to alkalescence (shown in Fig. 5E
and F), degradation rate of RhB was extremely slow because of the
appearance of Bi3.84W0.16O6.24 nanocrystals.
4. Conclusions

The morphology and aggregation’s evolution of Bi2WO6

nanoflakes were studied. The crystal transition of Bi2WO6

nanoflakes to nearly perfect octahedron Bi3.84W0.16O6.24 nano-
crystals was successfully carried out by modulating the pH of
precursor suspensions from 0.25 (strong acidity) to 10.05
(alkalescence). The growth mechanism of bismuth tungsten oxide
nanomaterials was proposed. The different morphology of
bismuth tungsten oxide nanomaterials was attributed to the
solubility of WO4

2� and [Bi2O2]2+ in precursor suspensions with
various pH. The Bi2WO6 nanoplates performed high photocatalytic
activities under visible light irradiation. The photocatalytic
evaluation, via the decomposition of Rhodamine B (RhB) under
visible light irradiation (l4420 nm), reveals that nanocrystalline
Bi2WO6 samples obtained under different conditions exhibit
different photocatalytic activities which depend on pH value of
precursor suspensions.
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