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The urge to purify refractory organic wastewater without secondary pollution is pushing forward the use
of photocatalysis. However, the complicated preparation procedures and low visible-light utilization effi-
ciencies of currently-employed photocatalytic materials limit its practical applications. Herein, we design
a facile and cost-effective route for the controllable synthesis of hollow sphere shaped Bi2WO6/reduced
graphene oxide (RGO) composites, which can efficiently degrade five organic wastewater, including rho-
damine B, methyl orange, phenol, sulfamonomethoxine and sulfanilamide. The as-prepared Bi2WO6/RGO
hybrids were well characterized and exhibited much advanced sunlight-driven photocatalytic activity as
compared to that of the pure Bi2WO6. Such a high performance could be attributed to the enhanced light
harvesting efficiency and improved charge separation efficiency in the composites. A possible formation
mechanism of Bi2WO6/RGO composite was also proposed. This study highlights the rational design of
novel natural-sunlight-responsive photocatalyst.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Currently, environmental problem with respect to organic
wastewaters poses serious threats to both human health and
ecosystems. Conventional methodologies have not been able to
effectively degrade such pollutants due to the fact that their
detailed structures usually contain stable aromatic rings [1,2]. To
this end, semiconductor photocatalysis offers a ‘‘green” and
energy-saving technology for environmental remediation and con-
verting photon energy into chemical energy [3]. It shows an
extraordinary potential to decompose the toxic or harmful pollu-
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tants into harmless substances directly from the contaminant
source under light irradiation [4,5]. However, photocatalysis has
its certain drawbacks at the current stage, for instance, the photo-
catalytic activity could be limited due to the low quantum effi-
ciency, poor visible light utilization efficiency, poor photostability
and so on. In order to realize the practical use of photocatalysis,
it is highly desirable to develop visible-light-responsive photocat-
alysts with augmented photocatalytic performances.

In recent years, Bi2WO6 has been proved to possess advanced
photocatalytic activity for wastewater treatments under visible
light irradiation [6]. As a promising photocatalyst, it possesses a
plethora of advantages such as non-toxicity, high stability, low-
cost, and relatively narrower band gap [7,8]. However, the photo-
catalytic activity of pure Bi2WO6 could be impeded by its rapid
recombination of photogenerated carriers. Therefore, the modifica-
tion of Bi2WO6 has by far received considerable attention, where
various routes, e.g. substitution [9], heterostructure assembly
[10,11], ions doping [12], noble-metal deposition [13] and carrier
coupling [14], have been developed to improve the photocatalytic
performance of pure Bi2WO6.

Graphene, a two dimensional (2D) carbonaceous material with
flexible layered feature, has boosted extensive research due to its
chemical inertness, high specific surface area, excellent conductiv-
ity of charge carriers at room temperature and high thermal
conductivity [15]. Moreover, the surface properties of graphene
could be adjusted or tuned via appropriate modifications [16–18].
These unique physicochemical properties of graphene suggest that
it can serve as an ideal platform material for hosting semiconduc-
tor photocatalysts. As such, graphene could reduce the recombina-
tion rate of photogenerated electron-hole pairs when coupling
with semiconductors owing to the electron shuttle from the
conjugated carbon network [19]. In addition, its theoretically large
surface area can enhance adsorption activity and provide more
active sites to anchor the pollutants, thereby increasing the
photocatalytic performances [20–22]. Meanwhile, graphene-
semiconductor hybrids would surprisingly show enhanced light
absorption over almost the entire visible light wavelength region
[23]. To date, graphene-based semiconductor composites have in
general been synthesized using graphene oxide (GO) as the precur-
sor, due to the fact that GO consists of graphite sheets covalently
bonded with functional groups such as hydroxyl and epoxide
groups on the basal planes and carboxyl groups at the edges
[24]. This specific feature renders GO easily interact with cations
and hence well accommodate the nucleation and growth of
nanoparticles [25].

It is well realized that the photocatalytic activity is closely
related with the micro-structure and macro-morphology of the
photocatalyst [26]. The photocatalysts possessing hollow struc-
tures hold distinct advantages as compared to their solid counter-
parts. This could be attributed to the fact that the cavity structure
may boost the effective use of light source via multiple reflections
as well as enhance the transportation of reactants and products
[27]. Templating method has been identified as a classic approach
for synthesizing hollow structures, where the template cores can
be removed by calcination or solvent extraction. However, this
route is normally employed for the fabrication of simple metal
oxide architectures because of the easy connection between the
precursors and functional groups on the surface of the template.
Multi-component oxide hollow structures are relatively difficult
to obtain via such a templating method. Thus it is imperative to
develop a proper way to prepare multi-component hollow oxides.

Herein, we report for the first time the tailored fabrication of
Bi2WO6/reduced graphene oxide (RGO) composites constructed
by oriented nanosheets via a simple in situ hydrothermal method.
The structures, morphologies, optical properties and photocatalytic
properties were investigated in detail. The photocatalytic activities
of pure Bi2WO6 hollow spheres and Bi2WO6/RGO composites were
systematically evaluated by the photocatalytic degradation of five
different types of model pollutants under natural sunlight irradia-
tion, where the Bi2WO6/RGO composites displayed enhanced
sunlight-driven photocatalytic performances. Furthermore, the
possible crystal growth mechanism for the formation of Bi2WO6/
RGO hybrid was tentatively proposed.
2. Experimental section

2.1. Synthesis of Bi2WO6/RGO composite photocatalysts

GO was synthesized from natural graphite powders according
to the recipe described in our previous study [28]. In a typical syn-
thesis procedure, a specific amount of GO was well dispersed in
20 mL deionized water by high frequency ultrasonic treatment to
get GO exfoliated, followed by adding 0.33 g Na2WO4�2H2O into
the solution to solution A. Meanwhile, 0.97 g Bi(NO3)3�5H2O was
dissolved in mixed solution of CH3COOH:H2O = 1:4 (v:v, 50 mL)
to form solution B. Then A was added into B and transferred into
a teflon-lined stainless steel autoclave and maintained at 180 �C
for 3 h. The as-synthesized Bi2WO6/RGO composites with 0, 0.25,
0.5, 1, 2, 3, 4, and 5 wt% RGO concentrations were labeled as BW,
BWG-0.25, BWG-0.5, BWG-1, BWG-2, BWG-3, BWG-4, and BWG-
5, respectively.

2.2. Characterizations

A Bruker-D8-AXS diffractometer system was used to record
X-ray diffraction (XRD) patterns. The morphologies of obtained
materials were inspected by using a JSM-6390LV scanning electron
microscopy (SEM). Transmission electron microscopy (TEM)
images and energy dispersive spectra (EDS) were collected on a
Hitachi HT 7700 TEM system. Fourier transform infrared (FT-IR)
spectra were performed on a FTIR Analyzer (Perkin-Elmer, Spec-
trum 400). X-ray photoelectron spectroscopy (XPS) measurements
were carried out in an Escalab-250Xi X-ray photoelectron spec-
trometer microprobe. The nitrogen adsorption-desorption iso-
therms were investigated using a Micromeritics ASAP 2020
apparatus. The UV–Vis diffuse reflectance spectra (DRS) were
obtained by using a UV–Vis-NIR spectrophotometer (Lambda
950, PerkinElmer). The photoluminescence (PL) spectra of photo-
catalysts were detected using a Fluorescence Spectrophotometer
(FP-6500, Japan). The cyclic voltammetric (CV) and electrochemical
impedance spectroscopy (EIS) were performed according to the
recipe described in our previous study [29].

2.3. Evaluation of natural sunlight photocatalytic activity

The photocatalytic activities of Bi2WO6 and Bi2WO6/RGO
composites were monitored through the photodegradation of five
different kinds of pollutants in aqueous solution under natural
sunlight irradiation, including rhodamine B (RhB), methyl orange
(MO), phenol, sulfamonomethoxine (SMM), and sulfanilamide
(SN). All premeditated trials were performed between 8:30 a.m.
and 4:30 p.m. on those sunny days to ensure the sufficient
illumination of the natural sunlight. 200 mL aqueous solutions of
RhB (60 mg�L�1), MO (10 mg�L�1), phenol (10 mg�L�1), SMM
(10 mg�L�1), and SN (10 mg�L�1) were added to a batch of
photochemical reactors. The concentrations of RhB, MO, phenol,
SMM, and SN were analyzed using a UV–Vis spectrophotometer
(UV-1700, SHIMADU) according to their absorbance at 553 nm,
463 nm, 270 nm, 273 nm, and 258 nm, respectively. The TOC of
the samples were analyzed by using a TOC/TNb Analyzer
(VarioTOC, Elementar Analysensysteme GmbH, Germany).
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3. Results and discussion

3.1. Probing the photocatalytic performances of Bi2WO6/RGO
composites
3.1.1. Effect of RGO dosages
Investigation of the photocatalytic activities of Bi2WO6 (BW)

and Bi2WO6/RGO composites with different RGO dosages were
carried out throughout the degradation of 60 mg�L�1 RhB and
10 mg�L�1 MO under natural sunlight irradiation, as shown in
Fig. 1 a and b. Control blank study confirmed that neither
RhB nor MO was prone to degradation by sunlight photolysis.
Fig. 1a shows the comparison of the degradation of RhB in
aqueous solution by BW and Bi2WO6/RGO composites.
Apparently, the introduction of RGO into the BW system
promotes the degradation efficiency of RhB. Amongst them,
BWG-1 and BWG-2 exhibit superior photocatalytic activity,
indicating proper RGO content is crucial for augmenting the
photocatalytic performances of the Bi2WO6/RGO composites.
Additionally, Fig. 1b shows the photocatalytic behaviors for
the degradation of MO. The experimental results under the
identical conditions clearly indicate that the photocatalytic
activity order is consistent with the trend for the RhB
degradation, where the BWG-1 and BWG-2 exhibit the
enhanced photocatalytic activities. These results imply that
the photocatalytic activity for degradation of RhB and MO on
Bi2WO6 can be significantly improved via a suitable RGO
dosage. In such cases, BWG-1 was used as the optimal photo-
catalyst for the following degradation reaction.
Fig. 1. The degradation efficiencies of the 60 mg�L�1 RhB (a) and 10 mg�L�1 MO (b) solut
with different RGO dosages. ([catalyst] = 0.1 g). The degradation efficiencies of the RhB
concentration of RhB ([BWG-1] = 0.1 g) under sunlight irradiation.
3.1.2. Effect of catalyst dosage and initial concentration of RhB
The effect of catalyst dosage on the degradation efficiency of

fixed amount of RhB (60 mg�L�1) was investigated, as shown in
Fig. 1c. It is interesting to note that the degradation efficiency of
RhB rises from 77% to 100% with increasing dosages of BWG-1 from
0.025 to 0.3 g. This phenomenon can be explained by the fact that
the number of active photo-generated species accordingly
increases with the increase of the catalyst dosage. However, fur-
ther increasing the dosage of BWG-1 from 0.1 to 0.3 g is unreason-
able due to cost concerns under such conditions. Therefore, in this
regard, the optimal dosage of BWG-1 for the degradation of RhB is
0.1 g.

The influence of the initial concentration of RhB (ranging from
20 to 70 mg�L�1) on the photocatalytic degradation of RhB by fixed
amount of BWG-1 (0.1 g) was tested, as shown in Fig. 1d. It is evi-
dent that RhB can be efficiently decolorized after 8 h photocatalytic
reaction when the initial concentration was below 60 mg�L�1,
while higher concentration (70 mg�L�1) leads to the degradation
efficiency slightly declining to 95%. This phenomenon might be
attributed to the fact that higher concentration of RhB would
sooner run out of as-generated radicals and decrease the sunlight
utilization rate of BWG-1. Therefore, the proper concentration of
RhB for this study was set at 60 mg�L�1.

3.1.3. Effect of pollutant species
With the consideration of practical usage of photocatalysts for

real pollutant removal, the photocatalytic activity of the as-
prepared Bi2WO6/RGO composite (BWG-1) is further evaluated
via the photocatalytic degradation of five model organic pollutants
under sunlight irradiation. These include azo dye RhB and MO,
ion by hierarchical Bi2WO6 hollow microspheres (BW) and Bi2WO6/RGO composites
solution by (c) various BWG-1 dosage ([RhB] = 60 mg�L�1) and (d) various initial



Fig. 3. XRD patterns of Bi2WO6 (BW) and Bi2WO6/RGO composites with different
RGO dosages.
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phenolic chemical phenol, antibiotic SMM and SN, the results of
which are shown in Fig. 2. It can be seen that, in the absence of
BWG-1, tiny amount of the model organic pollutants could be
removed after 8 h sunlight irradiation. However, the five types of
organic wastewater can be effectively degraded under sunlight
irradiation with the addition of BWG-1, where the removal effi-
ciency of RhB, MO, phenol, SMM and SN after 8 h reaction time
reaches 99.5%, 78.5%, 66.5%, 70.9% and 57.6%, respectively. In order
to further study the mineralization of the model organic pollutants
by the prepared BWG-1 photocatalyst, the TOC removal efficiency
of the wastewater was analyzed (Fig. 2b). The results reveal that
the mineralization rate is commonly found to be in the order of
MO� SN < SMM < phenol < RhB. Interestingly, the TOC removal
efficiencies are lower than the degradation efficiencies, indicating
that it is easier to destruct the chromophore of the organic pollu-
tant rather than to mineralize them down to CO2 and H2O. More-
over, the as-fabricated BWG-1 displays different photocatalytic
performances towards organic wastewater, which might be attrib-
uted to the fact that different organic molecules possess different
adsorption characters as well as molecular architectures. To sum
up, our Bi2WO6/RGO composite is an efficient visible-light-
response photocatalyst and might be potential for practical
applications.
3.2. Detailed characterizations of the as-synthesized photocatalysts

XRD was employed to characterize the crystal phases of BW and
Bi2WO6/RGO composites. As shown in Fig. 3, all the samples pre-
sent the typical XRD diffraction character of the orthorhombic Bi2-
WO6 phase (JCPDS 39-0256). However, no obvious diffraction
peaks attributed to RGO can be detected in Bi2WO6/RGO compos-
ites, which may be due to the fact that the low diffraction intensity,
relatively small dosage amount and nice exfoliation of RGO in the
composite, in good agreement with our previous study [30]. The
results suggest that the incorporation of graphene in Bi2WO6/
RGO composites does not lead to the development of new crystal
phase or changes in preferential orientations of Bi2WO6.

The representative SEM images of BW and Bi2WO6/RGO com-
posites are shown in Fig. 4. Fig. 4a presents the top-view SEM
observations of pure Bi2WO6. It can be seen from the micrographs
that the obtained Bi2WO6 are of monodisperse hierarchical micro-
spheres with uniform size distributions. Each microsphere pos-
sesses a hollow structure and consists of numerous thin and
curly nanosheets, as one is able to randomly observe the opening
shells. By introducing graphene, the Bi2WO6 microspheres can still
maintain their hierarchical morphology (Fig. 4b–g). Moreover, the
stratiform RGO sheets are hardly observed due to the high and
Fig. 2. Photocatalytic degradation efficiencies (a) and the corresponding TOC remov
uniform dispersion of RGO in Bi2WO6/RGO composites. Further
increasing the RGO dosage to 4 and 5% (wt) in the composites,
the hierarchical Bi2WO6 hollow microspheres begin to deform
(Fig. 4h and i), indicating that proper dosage of RGO plays an
important role in maintaining the shape of Bi2WO6 photocatalysts.

TEM image of pure Bi2WO6 (Fig. 5a) and BWG-1 (Fig. 5b and c)
further discloses the microsphere shape of an individual crystal.
Fig. 5a shows that a pure Bi2WO6 is composed of sheets with differ-
ent sizes, and the highlighted areas reveal that the microsphere
possesses a hollow structure, in good agreement with the SEM
observation. As for the composites, Fig. 5b clearly shows that the
Bi2WO6 microsphere is coated with RGO nanosheets. Magnified
image of the selected location in Fig. 5b is collected to show the
RGO coating (Fig. 5c). Although the Bi2WO6 microspheres in
BWG-1 could disassemble into thin sheets during the TEM sample
preparation, the incorporated RGO seems not detached or dam-
aged, suggesting the formation of stable Bi2WO6/RGO hybrids. In
addition, the EDS results show that the main elements of these
samples were Bi, W and O. The errors of C content in the samples
may be due to the small dosage and a relatively low atomic weight
of RGO in the composites.

Fig. 6a shows FT-IR spectra of BW and BWG-1 products synthe-
sized by hydrothermal reaction at 180 �C for 3 h, displaying several
characteristic bands at 580, 733, 1385, 1628, and 3418 cm�1. The
BW and BWG-1 samples show main absorption bands at 400–
1000 cm�1, which are mainly attributed to Bi-O and W-O
stretching [31]. Peaks at 733 cm�1, 580 cm�1 and 1385 cm�1 are
assigned to the stretching vibration modes of Bi-O, W-O, as well
as W-O-W bridging stretching modes, respectively. The enhanced
al efficiencies (b) of RhB, MO, phenol, SMM and SN in the presence of BWG-1.



Fig. 4. SEM images of the prepared pure Bi2WO6 (a), BWG-0.25 (b), BWG-0.5 (c), BWG-1 (d, e), BWG-2 (f), BWG-3 (g), BWG-4 (h) and BWG-5 (i).

Fig. 5. TEM images and EDS (d) of pure Bi2WO6 (a) and BWG-1 (b and c).

782 S. Dong et al. / Chemical Engineering Journal 316 (2017) 778–789



Fig. 6. (a) FT-IR spectra of the as-prepared BW and BWG-1. (b) Nitrogen adsorption-desorption isotherms of BW and BWG-1 with corresponding pore size distribution curves
(inset). (c) UV–Vis DRS and (d) PL spectra of BW and Bi2WO6/RGO composites.
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characteristic peak of 1385 cm�1 in BWG-1 is attributed to the
interface interaction between RGO and Bi2WO6 [32]. The peak at
1628 cm�1 corresponds to the C@C stretching mode of graphene,
while a broad band at 3418 cm�1 is ascribed to O–H stretching
vibrations of adsorbed water molecules on BW and BWG-1.

N2 adsorption-desorption isotherms of BW and BWG-1 are col-
lected to determine the surface area and pore diameter distribu-
tion, as shown in Fig. 6b. Both the BW and BWG-1 samples show
similar adsorption-desorption features and pore diameter distribu-
tions (Fig. 6b inset). Both the isotherm curves for the BW and
BWG-1 samples are of type IV, which is typically associated with
capillary condensation in mesopores [33]. In the low relative pres-
sure region (P/P0 < 0.6), the adsorption and desorption curves coin-
cide because they are monolayer adsorption and reversible.
However, in the relatively high pressure region (P/P0 > 0.6), both
the isotherms have significant hysteresis, reflecting the formation
of slit-shaped pores by the aggregation of Bi2WO6 nanosheets.
The BET specific surface areas of BW and BWG-1 were calculated
to be 16.1126 and 19.7927 m2�g�1, respectively, suggesting that
the introduction of RGO slightly increase the surface area of the
final product. In addition, the corresponding pore size distribution
curve of BW is consistent with that of BWG-1.

The light absorption property of the pure Bi2WO6 and Bi2WO6/
RGO composites with different RGO dosage is analyzed via DRS, as
shown in Fig. 6c. The absorption of pure Bi2WO6 lies from the UV to
the visible light region (shorter than 450 nm), originating from the
charge transfer response of Bi2WO6 from the valence band (VB) to
the conduction band (CB). In terms of the Bi2WO6/RGO composites,
the light harvesting capability within the visible light region
enhanced with the increase of RGO dosages. In addition, an appar-
ent red shift for Bi2WO6/RGO composites appears as compared to
pure Bi2WO6, which may be related to the charge-transfer transi-
tion between the CB or VB of RGO and BW [34]. These results sug-
gest that the advanced photocatalytic activity of Bi2WO6/RGO
composites might be partially attributed to the enhancement of
light absorption.

It is well known that PL is a facile technique to study the pho-
tochemical properties of semiconductor materials, where the emis-
sion spectra are useful in determining the efficiency of charge
carrier trapping, migration and transfer. A lower PL intensity might
imply a lower recombination rate of the electron-hole pairs under
light irradiation [35]. Fig. 6d shows the PL spectra of the prepared
pure Bi2WO6 and Bi2WO6/RGO composites with different RGO
dosages. When the excitation wavelength was set at 325 nm, all
samples exhibit broad blue-green emission peaks at 430–550 nm.
The strongest blue emission peak centered at �465 nm is attribu-
ted to the intrinsic luminescence of Bi2WO6, originating from the
photo-generated electron transfer transitions between the hybrid
VB of Bi 6s and O 2p to the empty CB of W 5d orbital in WO6

2� com-
plex [36]. The weak green emission peak at 525 nm is ascribed to
the defects of oxygen vacancies during the crystal growing process,
which become the defect centers and thus affect the photochemi-
cal properties of Bi2WO6. Apparently, the PL intensities of Bi2WO6/
RGO composites stay lower than that of pure Bi2WO6, indicating
that the integration of RGO can efficiently suppress the recombina-
tion of photo-generated charge carriers.

The reduction degree of GO and the electronic interaction
between BW and RGO in the composites were inspected by XPS.
The survey XPS spectra of the BW and BWG-1 are shown in Fig. 7a,
where the different binding energy are assigned to W 4f, Bi 4f, W
4d, C 1s, Bi 4d, O 1s and Bi 4p states. The C 1s peak in BW can be
ascribed to residual traces from the precursor solution and/or the



Fig. 7. XPS spectra of (a) BW and BWG-1, and high-resolution of (b) Bi 4f spectra, (c) W 4f spectra, (d) O 1s spectra; XPS spectra of C 1s in the (e) original GO and (f) BWG-1.
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adventitious carbon from the XPS instrument itself. The high-
resolution XPS spectra of the BW and BWG-1 were further col-
lected. As shown in Fig. 7b–d, the peaks at 163.98 and 158.68 eV
in BW correspond to Bi 4f 5/2 and Bi 4f 7/2, respectively, can be
assigned to the Bi3+ oxidation state. The doublet peaks at 37.03
and 34.88 eV belong to W 4f 5/2 and W 4f 7/2, respectively, which
are the features of W6+ oxidation state. In Fig. 7d, it is obvious that
O 1s consists of one peak with the binding energy around
529.63 eV, which can be assigned to the O2� reduction state. It is
worth-noting that the characteristic peaks of Bi 4f, W 4f and O 1s
over the BWG-1 composites shift toward higher binding energy
by 0.1, 0.15 and 0.1 eV, respectively, suggesting a certain electronic
interaction between Bi2WO6 and RGO in BWG-1 [34].

In addition, the C 1s XPS spectra of GO and BWG-1 are depicted
in Fig. 7e and f. Three main peaks of C 1s from GO at 288.0, 286.2
and 284.2 eV are attributed to the C@O, C–O and C–C, respectively,
indicating a high percentage of oxygen-containing functional
groups in GO (Fig. 7e). As for the BWG-1 composite, the peak inten-
sities of the oxygenated functional groups display a dramatic
decrease (Fig. 7f), which is in good agreement with the FT-IR
results shown in Fig. 6a. This result indicates that most of the
oxygen-containing functional groups were successfully removed,
as GO was efficiently reduced to RGO after coupling with Bi2WO6

treated by our hydrothermal process. The reduction of GO would
in turn enhance the electrical conductivity of the composites, and
hence significantly improve the photocatalytic activity.

3.3. Possible mechanism of photocatalytic activity enhancement

The CV curves of BW and BWG-1 obtained at scan rate of
40 mV�S�1 in a solution of 10 mM K3Fe(CN)6 and 0.1 M KCl are
shown in Fig. 8a. Both the electrodes exhibit apparently reversible



Fig. 8. (a) CV curves of the BW and BWG-1 electrodes in a solution of 10 mM K3Fe(CN)6 and 0.1 M KCl at scan rate of 40 mV�S�1 under visible light irradiation. (b) EIS curves of
the BW and BWG-1 electrodes in a solution of 0.1 M Na2SO4 under visible light irradiation. (c) PL spectra of the BW and BWG-1 in TPA solution after visible light irradiation.
(d) Trapping experiments of photocatalytic degradation of RhB over BWG-1 with/without the presence of scavengers.
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voltammograms within potential windows ranging from �0.8 to
0.9 V, where the Fe(CN)63�/Fe(CN)64� redox pairs are highly resolved
at the BWG-1 electrode, resulting a higher redox current than that
of the BW electrode. As depicted, the increased peak-to-peak sep-
aration and redox current show that the BWG-1 electrode fosters a
faster electron transfer.

EIS is an informative technique to evaluate the charge transport
in the electrochemical interfacial reactions. The EIS response of the
BW and BWG-1 under visible light irradiation is shown in Fig. 8b.
The reaction rate occurring at the surface of the electrode is pro-
portional to the radius of the arc on the EIS Nyquist plot. Obviously,
the radius for the BWG-1 (red curve) declines remarkably com-
pared with that of the BW (black curve), indicating that both the
charge-transfer resistance and solid state interface layer resistance
have greatly decreased by the introduction of RGO. The faster
interfacial charge transfer between the electron donor/acceptor
within the BWG-1 benefits from the electron accepting and trans-
porting properties of graphene, thereby giving rise to an effective
separation of photo-generated electron-hole pairs. As a result,
the photocatalytic oxidation rate is enhanced. In this regard, the
results indicate that RGO can effectively suppress the charge
recombination in the hybrid composites when served as an elec-
tron acceptor, thereby leading to a higher photocatalytic response.

Hydroxyl radical (�OH) has been considered as an important
reaction species in the photocatalytic degradation of many haz-
ardous compounds due to its high reactivity to attack the organic
structures [37–39]. �OH can be detected by using terephthalic acid
(TPA) as a probe molecule, since TPA reacts readily with �OH to pro-
duce a highly fluorescent 2-hydroxyterephthalic acid, whose fluo-
rescence intensity at 426 nm is in proportional to the amount of
�OH produced in water. As shown in the PL spectra in Fig. 8c, both
the peak intensity of BW and BWG-1 was much higher than that of
the blank test (no photocatalyst) under visible light irradiation,
which elucidated that �OH on BW and BWG-1 catalyst was really
produced under visible light irradiation. Additionally, the peak
intensity of BWG-1 is greater than that of BW, suggesting the for-
mation rate of �OH on the surface of BWG-1 is higher.

It is of paramount importance to evaluate the effect of the main
active species during the photocatalytic reaction for elucidating
the photocatalytic mechanism, where the detection can be realized
through scavenging the relevant active species such as �OH, h+, �O2

�

and 1O2 by using 1.0 mM isopropanol (IPA) (�OH scavenger),
ammonium oxalate (AO) (h+ scavenger), methyl alcohol (MeOH)
(�O2

� scavenger) and sodium azide (SA) (1O2 scavenger), respec-
tively [40–43]. Such a method is similar to the photocatalytic
degradation test. As shown in Fig. 8d, the addition of IPA, MeOH
or SA induces a small change in the photocatalytic degradation effi-
ciencies of RhB. However, the photocatalytic activity of BWG-1
could be greatly suppressed by the addition of AO (an h+ scav-
enger). Hence, the quenching effects of various scavengers suggest
that the photogenerated holes are the dominant oxidative species
for the degradation of RhB, where the �OH and �O2

� radicals play a
minor role.

Based on the above experimental results, a possible photocat-
alytic degradation mechanism can be conjectured, as shown in
Fig. 9. The reaction starts with the excitation of the BWG-1 photo-
catalyst by the sunlight irradiation, resulting in the generation and
separation of holes (h+) and electrons (e�). Photoinduced e- might
react with O2 to produce �O2

� radicals, while h+ can directly oxidize
the RhB adsorbed on the surface of BWG-1 into degradation prod-
ucts, which is regarded as the main degradation pathway in this
reaction. Therefore, h+ has few opportunities to react with OH�/



Fig. 9. Schematic illustration of the separation and transfer of photogenerated
charges in the Bi2WO6/RGO composites.
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H2O to form �OH radicals. Additionally, a conclusion could be
drawn that the enhancement of the photocatalytic performance
of BWG-1 should be ascribed to the increase of the light absorption
intensity and range, as well as the effectively suppression of
recombination of photon-generated carriers with the presence of
RGO. However, the photocatalytic performance deteriorates
when the RGO dosage is further increased above its optimal value.
Fig. 10. SEM images depicting time-dependent morphological evolution of the Bi2WO6/RG
(c) 100 min, (d) 2 h, (e) 3 h, and (f) 4 h; (g) The schematic diagram of crystal growth me
Therefore, BWG-1 samples with 1 wt% RGO content possess the
highest activity amongst all the prepared photocatalysts. The
obtained results are similar with our previous report [29,30]. This
phenomenon might be due to the fact that: (i) Such energy levels
will be conducive to the photo-generated electrons in the CB of
the BW transferring into the RGO, therefore leading to an effective
charge separation; (ii) RGO may absorb some light and thus
cause a light harvesting competition between BW and RGO
with the increasing of RGO concentration, which result in poor
photocatalytic performance; (iii) The excessive RGO can act as
an electron-hole recombination center instead of providing an
electron pathway and thus promote the recombination of charge
carrier in RGO.
3.4. Discussing the formation of hierarchical Bi2WO6/RGO hollow
microspheres

To gain further understanding towards the shape formation
mechanism of the Bi2WO6/RGO hierarchical hollow microspheres,
time-dependent investigations were carried out by extracting
products at different reaction stages. Specifically, hydrothermal
formation of BWG-1 was sampled at different reaction timeslots,
namely, at 0 min (precursor), 40 min, 80 min, 100 min, 2 h, 3 h
and 4 h. The SEM observations of the morphological evolution of
the reaction products (Fig. 10a–f) suggest that the self-assembly
growth process was dominated by Ostwald ripening mechanism.
As shown in Fig. 10a, at the beginning, amorphous particles with
random size distributions were formed by the direct mixing of
the two solutions (A and B). Under hydrothermal treatment,
O composites (BWG-1) at different growth stages: (a) 0 min (precursor), (b) 40 min,
chanism for the Bi2WO6/RGO hierarchical microspheres.
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BWG-1 crystal growth began from the formation of tiny crystalline
nuclei in a supersaturated medium. In the earlier 100 min reaction
(Fig. 10b and c), larger pieces eventually transformed to smaller
particles, however, with increasing the reaction time to 2 h, the
SEM image in Fig. 10d displays that the irregular BWG-1 nucleus
generate via an ‘‘initial crystallization” process based on Gibbs-
Thomson law. In this process, the intermediate samples show the
coexistence of particles and irregular sphere structures (Fig. 10d).
Further increasing the hydrothermal time to 3 h, the BWG-1 hier-
archical sphere structure is more united due to Ostwald ripening,
where the irregular particles vanished, indicating that the hollow
spheres were grown at the cost of the smaller particles (Fig. 10e).
No shape evolution of the BWG-1 samples occurred when the
hydrothermal time was prolonged to 4 h (Fig. 10f). On the basis
of the above analysis, a possible formation mechanism of the
Bi2WO6/RGO hierarchical microsphere was proposed, as shown in
Fig. 10g.

Fig. 11a shows FT-IR spectra of BWG-1 samples collected at dif-
ferent hydrothermal reaction timeslots. The interactions between
RGO and Bi2WO6 can be further confirmed by FT-IR analysis. It
can be observed that the precursor exhibits absorptions at the
same wavelength as those of synthesized samples, except at
1385 cm�1. After hydrothermal treatment, new absorption peak
at 1385 cm�1 can be attributed to the bridging stretching vibration
of W-O-W, indicating the formation of Bi2WO6 molecules. More-
over, the broad IR bands at 400–1000 cm�1 gradually split into
Fig. 11. (a) XRD patterns of the crystalline structure evolution and (b) FT

Fig. 12. (a) Cycling photocatalytic degradation of RhB using BWG-1 and (b) X
specific single peaks with prolonging hydrothermal periods, which
can be attributed to the stretching vibration of Bi-O and W-O.
BWG-1 samples from the time-dependent investigation are further
analyzed by XRD (Fig. 11b), the results of which are in good agree-
ment with the SEM and FT-IR characterization. Prior to the
hydrothermal reaction, the precursor displays no apparent peak;
however, BWG-1 nanoparticles with low crystallinity are formed
after 100 min hydrothermal reaction. When the reaction time
reaches to 2 h, the orthorhombic Bi2WO6 phase quickly appears
according to the XRD pattern of BWG-2 h. BWG-1 particles with
high crystallinity are formed at 3 h hydrothermal treatment, after
which the XRD patterns of the sampling remain unchanged with
regard to the reaction time. Extending hydrothermal time to 4 h
exerts no effect on the phase evolution of the BWG-1 samples.

3.5. Investigating the recycle performances of the representative BWG-1
photocatalyst

The durability of as-synthesized BWG-1 was evaluated by recy-
cling the used catalyst. The degradation efficiency of RhB during
each cycle (at the duration of 10 h) can reach 99%. The photocat-
alytic capacity of BWG-1 has not exhibited any significant loss
even after five cycling runs (Fig. 12a). The BWG-1 composites
employed in the recycle tests were also examined using XRD after
the recycle experiments. The corresponding XRD pattern (Fig. 12b)
reveals that there is no detectable difference between the
-IR spectra of BWG-1 samples collected at different reaction times.

RD patterns of BWG-1 acquired before and after the recycle experiment.
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as-prepared and recycled samples, indicating that the BWG-1
composite possesses high photo-stability over prolonged
irradiation time.
4. Conclusions

To sum up, we designed a simple and low-cost method for the
controllable synthesis of Bi2WO6/RGO hybrids under mild condi-
tions, where the as-synthesized composites exhibited superior
photocatalytic performances under sunlight irradiation as com-
pared to that of pure Bi2WO6. The 1 wt% Bi2WO6/RGO hybrid with
1% wt RGO dosage had the optimal photocatalytic activity and dif-
ferent mineralization rate towards the degradation of RhB, MO,
phenol, SMM and SN in aqueous solution. The improvement in
the photocatalytic activity when incorporating RGO with Bi2WO6

hierarchical hollow microspheres might be owing to the enhanced
light harvesting efficiency and improved charge separation effi-
ciency of the composites. By investigating the time-resolved mor-
phology and crystalline evolution of Bi2WO6/RGO, a possible
mechanism for its formation process was proposed, which was
ascribed to Ostwald ripening process based on Gibbs-Thomson
law. Our work could provide new insights into rational design of
sunlight responsive photocatalytic composites for meeting the
growing demands for practical environmental applications.
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