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The Mo-doped Bi;WOg three-dimensional (3D) hierarchical microspheres from nanoplates have been
synthesized by a hydrothermal route. The products were characterized in detail by multiform techniques:
X-ray diffraction (XRD), energy-dispersive X-ray analysis (EDS), scanning electron microscopy (SEM),
and UV-vis absorption spectrum. The results of the photocatalytic degradation of Rhodamine-B (RhB) in
aqueous solution showed that molybdenum ions doping greatly improved the photocatalytic efficiency of
Bi;WOg 3D hierarchical microspheres. The Mo-doped Bi, WOg microspheres with atomic ratio of Mo-W
of 0.05 had the best activity in photodegradation of RhB in aqueous solution under 500 W Xe lamp light

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Water is a prime source for all living organism including human
beings. Wastewater containing dyes coming from dyeing and fin-
ishing industry is generally high in both color and organic content.
Their release as wastewater in the ecosystem is a dramatic source
of esthetic pollution, eutrophication, and perturbations in aquatic
life. Therefore, decolorization of wastewater from textile effluents
has been the target of great attention in the last few years [1,2].
Oxide semiconductor photocatalysis has been extensively inves-
tigated since Honda and Fujishima discovered the photocatalytic
splitting of water on TiO, electrodes in 1972 [3]. TiO, was inten-
sively investigated because of its high activity, good photostability,
low price, and non-toxicity. Many persistent organic substances
were degraded in TiO, suspensions [4,5]. However, TiO- is a wide
band gap semiconductor, which necessitates the use of mainly
ultraviolet irradiation [6]. Slow reaction rate and poor solar effi-
ciency (maximum 5%) have hindered the commercialization of this
technology [7]. Thus, exploitation of a new photocatalyst system is
compulsory. Tungstate materials, such as CdAWOQO,4, ZnWO4, COWO4
and MnWOy, are known for their wide applications in conventional
catalysis, or as scintillator material, in photoluminescence, optical
fibres and as materials in microwave technology [8-11]. Due to
their unique combination of physical and chemical properties, in
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terms of molecular and electronic versatility, reactivity, and sta-
bility, it is reasonable to believe they may be a promising class of
photocatalysts.

Bi;WOg, a kind of multicomponent oxide, is one of the sim-
plest Aurivillius oxides possessing a layered structure. It has been
found to possess interesting physical properties such as ferro-
electric, piezoelectricity, pyroelectricity, catalytic behavior, oxide
anion conducting, luminescent properties and a nonlinear dielec-
tric susceptibility [12-14]. Recently, visible-light-induced Bi; WOg
photocatalyst has been successfully synthesized via a facile low
temperature combustion synthesis method, using glycine as the
fuel [15]. Zhu et al. have reported fabrication of nanosized Bi, WOg
by a hydrothermal crystallization process. The further experiments
revealed that Bi; WOg photocatalyst was active for the RhB decom-
position in the wide wavelength range, including both UV and
visible-light [16]. Zeng et al. have reported the high photocatalytic
capability of quantum dots modified Bi, WOg nanostructures [17].
Previous studies indicated that the photocatalytic activity of cata-
lysts depended strongly on two factors: adsorption behavior and
the separation efficiency of electron-hole pairs. The adsorption
capacity can be generally improved by increasing the specific sur-
face area of catalysts. On the other hand, in order to eliminate the
recombination rate of the electron-hole pairs, metals ions doping
have been proposed [18]. Hence, many efforts have been made to
synthesize nanosized Bi, WOg to improve its photocatalytic activity
[19,20]. However, the investigation on the photocatalytic activity of
metal ion doped Bi, WOg has never been reported before. Further-
more, it is difficult to separate and recycle nanoscale photocatalysts
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Fig. 1. SEM images of the Bi, WOg hierarchical microspheres doped with different contents of molybdenum ions. The doping ratio of Mo/W was 0 (a and b), 0.02 (c), 0.05 (d

and e), and 0.08 (f), respectively.

at present. Comparatively speaking, 3D microscale architectures
fabricated from nanosized building blocks hold many advantages,
such as high photocatalytic activity, abundant transport paths for
small organic molecules, and comparative ease of separation and
recyclability [21]. In this work, we report the synthesis of Mo-
doped Bi;WOg 3D hierarchical microspheres by a hydrothermal
method without using any templates or surfactants. The photocat-
alytic activities of the as-prepared samples for the Rhodamine-B
(RhB) photodegradation were investigated. To further understand
the mechanism of Mo-doped Bi, WOg 3D hierarchical photocataly-
sis, the effects of Mo-doping concentrations on the photocatalytic
activity were discussed.

2. Experimental

2.1. Fabrication of Mo-doped Bi,WOg 3D hierarchical
microspheres

All the chemicals were analytic grade reagents without fur-
ther purification. Mo-doped Bi; WOg 3D hierarchical microspheres

were synthesized under hydrothermal conditions. Experimen-
tal details were as follows: 4mmol of Na,WO04-2H,0 and
(NH4)6Mo07024-4H,0 (the atomic ratios of Mo-W=0, 0.02, 0.05,
and 0.08) were dissolved in 45 mL deionized water to form a trans-
parent solution. Then 8 mmol of Bi(NOs3)3-5H,0 was added to the
above solution under continuous stirring. The resulting suspension
was transferred into a 50 mL Teflon-lined stainless steel autoclave.
Hydrothermal treatments were carried out at 180 °C for 12 h. After
that, the autoclave was allowed to cool down naturally. Precipitates
were collected and washed with deionized water several times and
dried in air at 100 °C. For convenience of description, changing the
atom ratio of Mo-W, the 0.00, 002, 0.05 and 0.8 doping of molyb-
denum ions in Bi;WOg hierarchical microspheres were marked as
samples A, B, C and D, respectively.

2.2. Characterization

The morphologies were characterized using scanning elec-
tron microscopy (SEM, Hitachi S-4700, 25kV) and transmission
electron microscopy (TEM, Tecnai G2 F30 S-Twin, 200kV). The
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Fig. 2. EDS patterns of the Bi,WOg hierarchical microspheres doped with different contents of molybdenum ions. From (a)-(d), the doping ratio of Mo/W was 0, 0.02, 0.05

and 0.08, respectively.

composition of the product was analyzed by energy dispersive
X-ray detector (EDS, Thermo Noran VANTAG-ESI) and inductively
coupled plasma (ICP, Autoscan Advantage, USA). The X-ray diffrac-
tion (XRD, Thermo ARL SCINTAG X'TRA with CuKoa irradiation,
A=0.154056 nm) was used to analysis the crystallinity. BET sur-
face areas were measured by nitrogen adsorption at 77 K using a
Micromeritics ASAP 2000 surface area analyzer. UV-visible diffuse
reflectance spectra (UV-vis DRS) were obtained using a Hitachi U-
3010 spectrophotometer. BaSO,4 was the reference sample, and the
spectra were recorded in the range 200-600 nm.

2.3. Photocatalytic experiments

The photoactivity experiments on the samples for the pho-
todegradation of RhB were performed at ambient temperature.
Light source was a 500 W Xe lamp. In a typical process, aqueous sus-
pensions of RhB (150 mL, Co =1 x 10~> M) and 100 mg of Mo-doped
Bi;WOg 3D hierarchical microspheres were placed in a vessel. Prior
toirradiation, the suspensions were magnetically stirred in the dark
for ca. 30 min to ensure the equilibrium of the working solution. The
suspensions were kept under constant air-equilibrated conditions
before and during the irradiation. Analytical samples (3 mL) were
drawn from the reaction suspension every 10 min, and removal of
Mo-doped Bi; WOg 3D hierarchical microspheres by centrifugation.
The changes of absorptions at wavelength 550 nm were applied to
identify the concentrations of RhB using a 721-type spectropho-
tometer. The percentage of degradation is reported as C/Cy. Cis the
concentration of RhB for each irradiated time interval. Cj is the ini-
tial concentration of RhB when adsorption/desorption equilibrium
was achieved. To test its photocatalytic lifetime, Mo-doped Bi,; WOg

3D hierarchical microspheres was recycled and reused five times
in the decomposition of RhB under the same conditions. After each
photocatalytic reaction, the aqueous solution was centrifuged to
recycle Mo-doped Bi; WOg 3D hierarchical microspheres that were
then dried at 100 °C for another test.

3. Results and discussion

The morphology and particle sizes of the Mo-doped Bi,WOg
with different contents of molybdenum ions were investigated
by SEM. Fig. 1a describes the typical panoramic SEM image of
pure Bi;WOg (A). As can be seen from a low magnification SEM
image, the sample consists of a large quantity of microspheres
with diameters ranging between 4 and 8 pm. The surfaces of these
microspheres are coarse and have many microstructures on them.
An amplified SEM image of an individual microsphere indicates
that the microsphere consists of many square nanoplates (Fig. 1b).
Interestingly, when samples prepared at different Mo-doping
concentrations (Fig. 1c-f), Mo-doped Bi,WOg 3D hierarchical
microspheres can be obtained in the whole concentrations range
under the investigation (Mo/W: 0.02-0.08). It was found that the
Mo-doping concentration had little effect on the shape of prod-
ucts during this range. For example, SEM images of the Mo-doped
Bi, WOg 3D hierarchical microspheres (C) are shown in Fig. 1d and
e. Clearly, morphology and particle sizes of the Mo-doped Bi; WOg
microspheres were consistent with pure Bi, WOg.

Energy dispersive spectrometry (EDS) analysis was employed to
determine the composition of the Mo-doped Bi; WOg 3D hierarchi-
cal microspheres. The EDS patterns of the Bi,WOg 3D hierarchical
microspheres doped with different contents of molybdenum ions
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Fig. 3. XRD patterns of the Bi,WOg hierarchical microspheres doped with different
contents of molybdenum ions. From (a)-(d), the doping ratio of Mo/W was 0, 0.02,
0.05 and 0.08, respectively.

are shown in Fig. 2. With Mo-doping concentration increasing, the
Mo peak intensity slightly increased. The results from EDS confirm
that the obtained products are composed of the Bi,WOg doped
with molybdenum ions. ICP analysis was also employed to accu-
rately determine the elemental content of the as-prepared samples.
Mo and W elements exist in the Bi,WOg and Mo-doped Bi, WOg
3D hierarchical microspheres with the Mo/W molar ratio of 0:100,
1.79:100, 4.83:100 and 7.91:100, respectively, which is close to the
expected value in the experiment.

The crystallinity and phase purity of the products were exam-
ined by XRD measurement. Fig. 3 shows the XRD patterns of
Mo-doped Bi;WOg 3D hierarchical microspheres with different
contents of molybdenum ions. All of reflections can be indexed to
orthorhombic-phase Bi, WOg, which is in good agreement with the
reported data (JCPDS No. 39-0256). It is worth mentioning that the
more the molybdenum ions doped, the narrower and lower was the
diffraction spectrum as shown in Fig. 1b-e, which demonstrated
that with the presence of molybdenum ions, the crystallization of
the Bi,WOg 3D hierarchical microspheres was inhibited. It is inter-
esting to note that there is no changes in the positions of diffraction
peaks and there is no other phases been detected in the XRD pat-
terns of the samples. One probable reason is that the structure of
Mo®* and W®* ions are very similar and Bi,WOg and Bi,MoOg are
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Fig.5. UV-vis spectra of the Bi;WOg hierarchical microspheres doped with different
contents of molybdenum ions. From (a)-(d), the doping ratio of Mo/W was 0, 0.02,
0.05 and 0.08, respectively.

Aurivillius structure, so the molybdenum ions may be easy to insert
into the structure of Bi;WOg.

To further understand the detailed structural of the Bi,WOg
3D hierarchical microspheres doped with different contents of
molybdenum ions, the high resolution TEM (HRTEM) technique
was employed. Fig. 4a is a typical HRTEM image of pure Bi,WOg
with clear lattice fringes which shows the high crystallinity of the
samples. However, in the HRTEM image of the Mo-doped Bi, WOg
3D hierarchical microspheres with Mo/W ratio of 0.05 (Fig. 4b), the
distortion of lattice fringes inevitablely appeared with the doping of
Mo, which means the lower crystallinity of the samples. Therefore,
it is reasonable to deduce that the Mo-doping lead to the poorer
crystallization of the Bi,WOg 3D hierarchical microspheres.

The UV-vis diffuse reflectance spectrum of the Mo-doped
Bi;WOg 3D hierarchical microspheres is shown in Fig. 5. From the
figure, all the samples presented the photoabsorption properties
from the UV light region to visible light shorter than 470 nm. The
steep shape of the spectrum indicates that the visible light absorp-
tion is not due to the transition from the impurity level but due to
the band gap transition [22]. For a crystalline semiconductor, the
optical band gap was estimated based on their absorption spec-
tra according to the following equation ahv=A(hv — Eg)", where q,
v, Eg, and A are the absorption coefficient, the light frequency, the
band gap, and a constant, respectively. n is a coefficient dependent
on the type of transition considered: for allowed direct transitions
n=1/2 while for allowed indirect transitions n=2. The value of n
for Bi;WOg is 2, which means that the optical transition is indirect

Fig. 4. HRTEM images of the Bi,WOg hierarchical microspheres doped with different contents of molybdenum ions. The doping ratio of Mo/W was 0 (a) and 0.05 (b).
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Fig. 6. Indirect band gap determination from the analysis of the absorption spectra
of the Bi;WOg hierarchical microspheres doped with different contents of molyb-
denum ions. From (a)-(d), the doping ratio of Mo/W was 0, 0.02, 0.05 and 0.08,
respectively.

allowed [17]. The band gap of the Mo-doped Bi; WOg with different
contents of molybdenum ions could be thus estimated tobe 2.76 eV,
2.72eV,2.59eV, and 2.55 eV for samples A, B, C, and D, respectively
(Fig. 6). Compared with the pure Bi,WOg, all Mo-doped Bi,WOg
show that with the presence of molybdenum ions, the band gap
was decreased. The presence of Mo%" in Bi;WOg does not mod-
ify the position of the valence band edge of Bi,WOg. Instead, it
introduces new energy levels of the molybdenum ions into the
band gap of Bi, WOg. This band gap decrease might attribute to the
charge-transfer transition between Mo®* d electrons and Bi;WOg
conduction band.

Rhodamine-B (RhB), a widely used dye, was selected as the
model pollutant to evaluate the photocatalytic activity of the
Mo-doped Bi;WOg 3D hierarchical microspheres. The photocat-
alytic performances of the Mo-doped Bi, WOg microspheres with
different molybdenum contents were determined by comparing
the degradation efficiency of RhB (Fig. 7). Among the four sam-
ples, the sample C has the highest photocatalytic activity, and the
photodegradation efficiency of RhB reached 97% after 60 min of
reaction. If plotting In(C/Cy) vs irradiation time (t) one can find that
the photodegradations of RhB follow the first-order reaction kinet-
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Fig. 7. Photocatalytic degradation of RhB by the Bi;WOg hierarchical microspheres
(A-D) with the Mo/W ratio of 0, 0.02, 0.05 and 0.08, respectively.

Table 1
BET surface area of the samples prepared at the different Mo-doping concentrations.
Mo-doping concentrations (atomic ratios 0 0.02 0.05 0.08
of Mo-W)
Surface area (m? g~1) 223 218 22,5 22.6

ics, i.e. In(C/Cy) = —kt, with the reaction rate constant (k)=0.01664,
0.03050, 0.06150 and 0.02991 min~! for Mo-doped Bi,WOg 3D
hierarchical microspheres photocatalysts with Mo/W ratio of 0,
0.02, 0.05 and 0.08, respectively. The blank experiment with cata-
lyst absence was also performed. It can be found that RhB is almost
not decomposed under the same irradiation time. This result clearly
indicates that molybdenum ions dopant can effectively improve
the photocatalytic degradation activities of Bi;WOg microspheres.
When Mo-doping concentration was lower than 0.05, Fig. 7 shows
that the degradation rate increases as the increase of molybde-
num ions content. However, if Mo-doping concentration further
increases, the photocatalytic activity decreases obviously. Surface
area is key structural parameter for photocatalysts. It is well known
that the photocatalytic activities are closely related to their surface
areas [23]. A large surface area are favorable to the photocatalytic
performance due to more active sites in the photocatalytic process.
The BET surface areas of the pure Bi,WOg and some Mo-doped
Bi;WOg are reported in Table 1. It can be observed that the presence
of different amounts of Mo species on the samples surface does not
influence significantly the value of the BET surface area of Bi, WOg
microspheres. This indicates that specific surface area of the sam-
ple is not consequentially in association with the photocatalytic
activity. The high photocatalytic activity of the sample C is due to
the following factors. During the process of photocatalytic reaction,
defects can become centers to capture photo-induced electrons, so
that the recombination of photo-induced electrons and holes can
be effectively inhibited. When the dopant content is more than its
optimal value, the defects will be a recombination center. According
to the above discussion, the presence of a small amount of molyb-
denum ions can enhance the activity, but excessive molybdenum
ions are detrimental. This may be due to the fact that the molyb-
denum ions can serve as a mediator of the transfer of interfacial
charge at an appropriate doping concentration, and a small amount
of molybdenum ions acting as a photo-generated hole and a photo-
generated electron trap inhibits the hole-electron recombination.
It is also known that the process for photocatalysis of semiconduc-
tors is the direct absorption of a photon by band gap of the material
and generates electron-hole pairs in the semiconductor particles
[24]. The band gap decrease of Mo-doped Bi;WOg photocatalyst
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Fig. 8. The lifetime for photodegradation of RhB by sample C.
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provides a possibility for enhancing the photocatalytic perfor-
mance of Bi,WOg microspheres.

The stability of a photocatalyst is important for its application.
Herein, the stability of Mo-doped Bi;WOg microspheres (C) was
investigated. After five recycles for the photodegradation of RhB,
the catalyst did not exhibit any significant loss of activity, as shown
in Fig. 8, confirming Mo-doped Bi;WOg microspheres (C) is not
photocorroded during the photocatalytic oxidation of the pollutant
molecules.

4. Conclusion

In conclusion, Mo-doped Bi,WOg hierarchical microspheres
have been successfully synthesized by a hydrothermal route. The
Mo-doped Bi; WOg hierarchical microspheres exhibited the high
photocatalytic activity for the decomposition of the aqueous RhB.
At an optimal atomic ratio of Mo-W of 0.05, sample has the highest
photocatalytic activity, and after 60 min of irradiation, the RhB was
removed 97%. Defects and the band gap decreased of Mo-doped
Bi, WOg photocatalyst provide a possibility for enhancing the pho-
tocatalytic performance of Bi, WOg microspheres. The present work
suggests that the idea of using ions doped Bi; WOg could be a strat-
egy to develop an efficient photocatalyst for the destruction of the
pollutants.
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