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In this paper, the nanostructured Bi,WO, with different hierarchical morphologies was synthesized
via a warmly hydrothermal route. The structure and morphology of the as-prepared Bi,WOg4 prod-
ucts were characterized by X-ray diffraction (XRD), field emission scanning electron microscope
(FE-SEM), UV-vis absorption spectroscopy (UV-Vis) and N,-sorption analysis. The photocatalytic
efficiency of Bi,WO4 was investigated by photodegradation of rhodamine B (RhB) under visible-light
irradiation. The present work demonstrated that Bi,WOg with four different hierarchical structures
was effective visible-light-driven photocatalytic functional material for environmental purification.
Moreover, the nest-like Bi,WOq exhibited superior photocatalytic effects on rhodamine B degrada-
tion compared with other three Bi,WOg morphologies. The excellent catalytic effect of the nest-like
Bi,WO4 was attributed to its unique structural property and large surface area. The relationship
between morphology and photocatalytic performance was discussed in detail. The photocatalytic
mechanism for the degradation of RhB was also investigated, which revealed the important role of
morphology in improving the photocatalyitc activities of Bi,WOj.
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1. INTRODUCTION crystal structure and microstructure.’”!! Especially for pho-
tocatalysts, the most important factors determining the
activity are considered to be surface area and struc-

tural properties such as crystalline quality, particle size,

In recent years, a large number of investigations have
been focused on the semiconductor-based photocatalysts
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because of their wide potential applications in solar energy
conversion and environmental purification.'” In view of
the efficient utilization of visible light, which accounts
for a large proportion of the solar spectrum, the discov-
ery of an active visible-light-driven photocatalyst often
attracts much attention.>> Perovskite structured Bi, WO,
(BWO) has been reported as one of the most promising
visible-light-driven photocatalysts when used to decom-
pose water dyes and indoor pollutants.>® Although con-
siderable efforts have been devoted to reveal its unique
physical and chemical properties, there are few reports on
the relationship between the properties and the synthesized
morphology of Bi,WOg. Thereby, it is urgent to further
explore the structure, morphology and application of this
new photocatalyst.

Generally, the properties of materials are greatly
depended on their structures including compositions,
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size distribution, band gap energy, etc.'> So, the mor-
phology of the catalyst, which determines both surface
area and the structural properties mentioned above, plays
an important role in the catalytic activity. Morphology-
tunable synthesis of inorganic materials via simple meth-
ods is of great interest in many fields.'*!> Recently, we
have reported directed growth of Bi,WO hierarchical
nano/microstructures with different morphologies using
a surfactant-assisted hydrothermal route.!® These hierar-
chical nano/microstructures possess large specific surface
areas, which facilitate efficient contact of photocatalysts
with organic contaminants and increase the active sites for
photocatalytic reactions.

In this work, we focus our attention on evaluating
the morphology-dependent photocatalytic effects of these
hierarchical nanostructured Bi, WO,, using the photocat-
alytic degradation of rhodamine B (RhB) as the model
reaction. The degradability and degradation kinetics for
the Bi,WO, products were evaluated. The relationship
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between morphology and photocatalytic activity was dis-
cussed to understand the reaction pathways.

2. EXPERIMENTAL DETAILS
2.1. Catalysts Preparation

Bi,WO, was synthesized using a hydrothermal method,
all of the agents used were of AR grade. In a typical
synthesis process, 1.2 g Bi(NO;);-5H,0 with surfactant
cetyltrimethyl ammonium bromide (CTAB) was first dis-
solved in a nitric acid solution (1.0 mol L~!, 10 mL)
to avoid hydrolysis of Bi** ions, then the solution was
magnetically stirred at room temperature for 30 min. A
white precipitate was formed when 0.4 g Na,WO, -2H,0
was added into the above solution. The pH values of the
suspensions were adjusted to 0.5, 2.0, 4.0 and 7.0 by
adding NaOH solution (4 mol L~'), respectively. After
being stirred for 60 min, the suspension was added to a
60 mL Teflon-lined autoclave up to 80% of the total vol-
ume. Then, the autoclave was sealed in a stainless steel
tank and heated at 180 °C for 20 h. Subsequently, the reac-
tor was cooled to room temperature naturally. The obtained
samples were collected and washed with de-ionized water
and dried at 80 °C in air.

2.2. Characterization

XRD patterns were recorded with a Philips X'pert pow-
der X-ray diffractometer with Cu Ko (0.15419 nm) radi-
ation. The Scanning Electron Microscopy (SEM) was
performed on a Sirion 200 field emission scanning elec-
tron microscope. The optical diffuse reflectance spectra
were conducted on a UV-vis spectrophotometer (Hitachi

U-3010). Nitrogen adsorption—desorption measurements
were conducted at 77.35 K on a Micromeritics Tristar
3000 analyzer. The BET surface area was estimated using
adsorption data.

2.3. Photocatalytic Tests

Photocatalytic activity was evaluated by the degradation
of RhB under visible-light irradiation using a 300 W Xe
lamp with a cutoff filter (A > 400 nm). In each experiment,
photocatalyst powders (0.2 g) were added into RhB solu-
tion (1 x 107> M, 100 mL). Before illumination, the sus-
pensions were magnetically stirred in darkness for 60 min
to establish an adsorption/desorption equilibrium between
photocatalyst powders and RhB. At different irradiation
time intervals, about 5 mL solutions were collected, and
then centrifugalized to remove the photocatalysts. The con-
centrations of the remnant RhB were monitored by UV-vis
spectroscopy at 553 nm.

3. RESULTS AND DISCUSSION
3.1. Characterization of Catalysts

Figure 1 shows the overall morphologies of Bi, WO, prod-
ucts. Various shapes of Bi,WO, are obtained by chang-
ing the pH value of the precursor solutions. The Bi, WO,
crystals synthesized in the solution with pH 7.0 show
a lamella-shaped morphology (Fig. 1(a)). The Bi,WOq
lamellas (L-BWO) are about 50 nm in length and 5-10 nm
in thickness. As the pH value decreases to 4.0, the Bi, WO,
products have the unique flower-like (F-BWO) spherical
superstructures which are made up of several nanolamel-
las (Fig. 1(b)). When pH 2.0, the Bi, WO, sample exhibits

Fig. 1. FE-SEM images of Bi,WO, products with different morphologies. (a) L-BWO, (b) F-BWO, (c) N-BWO, and (d) C-BWO.
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a hierarchical system in which the nanolamellas are well-
ordered and oriented to form a hollow nest-like (N-BWO)
hierarchical structure (Fig. 1(c)). For the sample prepared
at pH 0.5, caddice clew-like Bi, WO, (C-BWO) spheres
are obtained. The hierarchical spheres are convoluted by
hundreds of nanolamellas and their average diameter is
about 1 um (Fig. 1(d)).

Figure 2 shows the XRD patterns of Bi, WO, with dif-
ferent morphologies. Although their reaction pH values are
different, the XRD patterns of the products present almost
the same profiles. All the diffraction peaks correspond
well with orthorhombic Bi, WO, (JCPDS No.73-1126). No
peaks due to impurities are detected, indicating that all
bismuth salt precursors have been thoroughly decomposed
into pure Bi, WO, during the reaction.

Figure 3(a) displays the UV-vis diffuse reflectance spec-
tra (DRS) of the Bi,WO, samples with different mor-
phologies. It can be seen that the Bi, WO, products have
similar DRS spectra. They all have a steep absorption
edge in the visible light region, which suggests that the
relevant band gap is due to the intrinsic transition of
the nanomaterials rather than the transition from impu-
rity levels. The bandgap (E,) obtained by extrapolation
of the plots (in the inset of Fig. 3(a)) are 2.76, 2.70,
2.61 and 2.68 eV for the L-BWO, F-BWO, N-BWO and
C-BWO products, respectively. These results indicate that
all these Bi, WO, samples have a bandgap suitable for pho-
tocatalytic decomposition of organic contaminants under
visible-light irradiation.

The nitrogen adsorption—desorption isotherms and pore
size distributions of the Bi,WO, products were fur-
ther investigated in Figure 3(b). The nitrogen adsorp-
tion and desorption isotherms are characteristic of a
type IV isotherm with a hysteresis loop, indicating the
Bi, WOy hierarchical structures are composed of connected
mesopores.!” 8 The Sgppp of catalysts are 16.3 m?/g for
L-BWO, 24.7 m?/g for F-BWO, 39.4 m?/g for N-BWO
and 36.8 m?/g for C-BWO, respectively. The optical prop-
erties, porous structure and large Sgpr would endow the
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Fig. 2. XRD patterns of Bi, WO, products with different morphologies.
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Fig. 3. (a) UV-Vis diffuse reflectance spectra of Bi,WO, products
with different morphologies. Inset is the correspondin plot of (ahv)?
versus photon enery (hv) for Bi, WO, particles. (b) Nitrogen adsorption—
desorption isotherms of Bi, WO, products with different morphologies.
Inset: Pore size distribution curve of the as-prepared samples.

as-prepared Bi, WO, products with potential application as
effective photocatalyst.

3.2. Photocatalytic Performance

To evaluate the photocatalytic performance of Bi, WO
products, a widely used dye, RhB was selected as the
model pollutant. For comparison, the RhB photodegrada-
tion by the Degussa P25 was also performed under vis-
ible light. The results are shown in Figure 4(a). Blank
test shows that no degradation of RhB in the absence of
photocatalyst. There is a slight degradation of RhB over
P25 in the given reaction period due to the dye-sensitive
visible-light photocatalytic effect on the surface of P25.
In contrast, significant degradation has been observed
on the as-synthesized Bi,WO, photocatalysts. Here, the
N-BWO shows the best photodegradation rate of RhB,
on which the RhB decomposition extent is nearly three
times of L-BWO sample. The photocatalytic performance
on C-BWO and F-BWO products are almost identical, but
far lower than that of N-BWO sample. The lowest pho-
tocatalytic efficiency of L-BWO is probably due to its
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Fig. 4. (a) Photocatalytic degradation of RhB using as-prepared Bi, WO, with different morphologies under visible-light irradiation. (b) Kinetic linear
simulation curve of RhB photocatalytic degradation with different catalysts. (c) Relationship between reaction rate constant (-A-), degradation rate
(-e-), and BET surface area over Bi, WO, products with different morphologies. (d) Schematic band structure of Bi, WOq.

relative higher band gap energy. As is known, the lower
the band gap energy, the higher the visible-light energy
absorbed to activate the photocatalyst;'® accordingly, oxi-
dation is enhanced, and degradation of organic compounds
is accelerated. So, the highest band gap energy of L-BWO
nanostructures related well to the lowest photodegradablity
of RhB.

The difference in photocatalytic efficiency among the
four hierarchical structures can be further illustrated with
Figure 4(b), which shows the RhB degradation kinetics
data. The photocatalytic degradation of RhB was described
by the Langmuir-Hinshelwood (L-H) model which is
well-established for photocatalysis experiments when the
pollutant is in the millimolar concentration range.’ The
photocatalytic destruction of RhB was recognized to fol-
low first-order reaction kinetics approximately, as evi-
denced by linear plot of In (C/C,) versus photocatalytic
reaction time. Figure 4(c) shows the relationship between
reaction rate constant, BET surface area and RhB degra-
dation rate. The reaction rate constant of the N-BWO
sample with 39.4 m*/g BET surface area is estimated
to be 0.053 min~!, faster than those over C-BWO and
F-BWO samples with lower BET surface areas. These

J. Nanosci. Nanotechnol. 11, 7802-7806, 2011

results illustrate that the high surface area of Bi, WOy is a
key to the high rate constant, resulting a high RhB degra-
dation rate. In addition, the N-BWO sample possesses the
unique hollow hierarchical structure in which large num-
bers of mesopores can serve as efficient transport paths for
the destruction of RhB.

3.3. Photocatalytic Mechanism

The conductance and valence band (CB and VB) edge
electrochemical potentials of Bi,WO, semiconductor are
crucial factors to understand the photocatalytic mecha-
nism of RhB over Bi, WO, products. Figure 4(d) shows a
schematic band structure of Bi, WO, semiconductor based
on the earlier calculation. Since the calculated VB edge
potential of Bi,WO, (42.85 eV) is more positive than
the standard redox potentials of OH/OH~ (+1.99 eV),
indicating that the photogenerated holes are far more
oxidative than the active oxygen species such as OH
radicals. Meanwhile, the photoexcited holes on the surface
of Bi, WOy cannot oxidize OH™ to form the OH' radicals
due to the more negative reduction potential of Bi*3/Bit?
(E°=+1.59 eV at pH 0).2! Therefore, it is theoretically
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reasonable that direct photogenerated holes mainly gov-
ern the photocatalytic oxidation of RhB by Bi,WO,. In
addition, the CB edge potential of Bi,WO4 (0.24 eV) is
positive enough to reduce the O, molecule to the oxygen
radical by the photoexcited electron due to the electro-
chemical potential for single-electron reduction of oxygen
is —0.046 eV.? So the production of oxygen radical can
prevent the recombination of the photoexcited electrons
and holes and increase the photodegradation of RhB. The
possible photocatalytic mechanism under visible light was
proposed as follows:

Bi, WO, + visible light — Bi,WOq(e,, +A%) (1)
Bi, WO (e,) + Onq4s = Bi; WOg 4 O3 4 (2)
h,, 054 +RhB — degraded products (3)

Since the photocatalytic reactions take place on the
surface of photocatalyst, the difference of structure and
morphology certainly will affect the efficiency of photocat-
alytic reactions. The N-BWO sample possesses the unique
hollow hierarchical structure in which large numbers of
mesopores can serve as efficient transport paths for the
destruction of RhB. Furthermore, the N-BWO sample has
large surface area, which not only provides active sites for
the degradations reaction, but also effectively promotes the
separations of the electron—hole pairs, resulting in a higher
quantum efficiency of photocatalytic reaction.

4. CONCLUSIONS

In summary, nanostructured Bi,WO, with different hier-
archical morphologies was synthesized via a facile
hydrothermal route. The relationship between morphology
and photocatalytic performance of the as prepared sam-
ples was discussed. Although all the Bi,WO, products
demonstrate photocatalytic activity to the decomposition
of RhB under visible-light irradiation, the degradation over
the N-BWO sample is more significantly efficient due to
the effective visible absorption and the large surface area.

7806

All the results indicate that morphology plays an important
role in the photocatalyitc property of Bi, WOj.
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