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After hybridized with graphene, the photocatalytic performances of y-Bi,MoOg were increased about
2-4 times. The photocatalytic activity enhancements were dependent on the amount of graphene and
it was found that the optimal hybridized amount of graphene was about 1.0 wt%, which was close to
the monolayer disperse of graphene on <y-Bi;MoOg surface. The mechanism on the enhancement of

photocatalytic activity is attributed to the higher separation efficiency of photo-induced electrons and

Keywords:

Graphene

’\/—Biz MOOS

Hybridize
Photocatalyst

Visible light irradiation

holes, which come from the electronic interaction between y-Bi;MoOg and graphene. The electronic
interaction was verified by the photoelectrochemical measurements.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalysis has attracted worldwide attention because of
its potential applications in water splitting and the degrada-
tion of organic compounds [1,2]. Since visible-light takes up ca.
43% of the solar energy while UV light only ca. 4%, developing
visible-light responsive photocatalysts is becoming a promising
and challenging research area at the present time [3]. Due to
the potential excellent photocatalytic property under the visible
light, the y-Bi;MoOg (BMO) has attracted extensive attention these
days [4-7]. The y-Bi;Mo0Og with the Aurivillius structure has been
found to possess unique layered structure in which perovskite
slabs of corner-sharing, distorted MoOg octahedra are sandwiched
between (Bi,0,)2* layers [8]. A major limitation to achieve higher
photocatalytic efficiency is the quick recombination of photo-
generated charge carriers. Recombination has faster kinetics than
surface redox reactions and greatly reduces the quantum efficiency
of photocatalysis. y-Bi;M0Og nanoplates have been designed for
fast separation and transfer of photoexcited electrons and holes.
How to design more highly efficient Bi,MoOg-based photocatalysts
remains a huge challenge.
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Many works have been devoted to reduce the recombination
of charge carriers by coupling the photocatalysts with conjuga-
tive m structure carbon materials [9,10]. The authors together with
other researchers have developed the carbon material hybridized
semiconductor as efficient photocatalysts, such as C60 [11,12] and
graphite-like carbon [13,14]. Graphene is a two dimensional macro-
molecular sheet of sp2-bonded carbon atoms that are arranged
into a honeycomb structure [15]. Apart from its unique elec-
tronic properties, the 2D planar structure material has superior
electrical conductivity [16], which would make it an excellent
electron-transport material in the process of photocatalysis, even
more appropriate than C60 and graphite-like carbon. Moreover,
the surface properties of graphene could be adjusted via chem-
ical modification, which facilitates its application in composite
materials [17,18]. Thus, a combination of y-Bi;MoOg and graphene
is promising to simultaneously possess excellent transparency,
conductivity, and controllability, which could facilitate effective
photodegradation of pollutants under visible light. To the authors’
best knowledge, there are only few reports focused on this topic.
Recently, TiO, and ZnO nanoparticles have been dispersed on the
graphene sheets, and the composites showed enhanced photocat-
alytic activity [19,20]. However, the mechanism of the electronic
interaction between graphene and semiconductor is still unclear
and need further studies.

In this work, the authors demonstrated a facile route to obtain
an efficient y-Bi;MoOg photocatalyst by graphene hybridization.
The photodegradation results of dyes over graphene hybridized
with Bi;MoOg show that the photocatalytic activity can be sig-
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nificantly enhanced under visible-light irradiation. It is postulated
that the enhanced photoactivity of graphene-hybridized Bi;MoOg
catalyst results from high migration efficiency of photoinduced
electron-hole pairs. The structure and interfacial electronic inter-
action between y-Bi;MoOg and graphene, as well as its effect on
the photocatalytic activity were systematically investigated.

2. Experimental
2.1. Materials preparation

v-Bi;MoOg was synthesized by the hydrothermal method. In
a typical procedure, 2.5 mmol of NaMo0O4-2H,0 and 5 mmol of
Bi(NOs3)3-5H,0 were respectively dissolved in 35 mL of distilled
water, and then transferred into a 50 mL Teflon-lined stainless steel
autoclave. The autoclave was sealed and maintained at 180°C for
24 h, then cooled to room temperature naturally. Graphene oxide
(GO) was prepared from nature graphite by the reported method
[21]. All chemicals used were reagent grade without further purifi-
cation. Preparation of graphene hybridized Bi;MoOg was realized
in two steps. Firstly, appropriate as-prepared graphite oxide was
dispersed in water to achieve 0.05wt% dispersion. Exfoliation of
graphite oxide to GO was obtained by ultrasonication of the disper-
sion for 30 min and 1 g Bi;MoOg was added into the GO dispersion.
Then Bi;MoOg and GO mixture was dispersed by ultrasonication
for 30 min and stirred for 24 h. The suspension was filtrated and
the precipitate was washed with deionized water three times, and
then transferred to an oven to dry at 80 °C for 24 h; herein, a series
of GO-Bi;MoOg powders from 0.5 to 4.0 wt% were synthesized.
The second step was the reduction of GO to graphene which was
performed according to the literature [22,23]. Appropriate GO-
Bi;MoOg powder was dispersed in water and ultrasonicated for
30min. In a typical procedure, appropriate amount of ammonia
solution (28 wt% in water) and hydrazine solution (35 wt% in water)
were added to the above dispersion. The weight ratio of hydrazine
to GO was about 7:10. After being stirred for a few minutes, the dis-
persion was put in a water bath (95 °C) for 1 h. Finally, the resulting
composite was recovered by filtration, rinsed by deionized water
several times, and evaporated at 80 °C for 10 h.

2.2. Characterization

Diffusion reflection spectra (DRS) measurements were carried
out on a Hitachi U-3010 instrument with BaSO4 as the refer-
ence sample. High resolution transmission electron microscopy
(HRTEM) images were obtained by JEM 2010F field emission trans-
mission electron microscope with an accelerating voltage of 200 kV.
Raman spectra were recorded on a microscopic confocal Raman
spectrometer (Renishaw 1000 NR) with an excitation of 514.5 nm
laser light. Photoelectrochemical properties were measured on an
electrochemical system (CHI-660B, China).

2.3. Photocatalytic experiments

The photocatalytic activity was evaluated by the degradation of
methylene blue (MB) under visible light irradiation (A >420nm).
The visible light was obtained by a 500 W xenon lamp (Institute of
Electric Light Source, Beijing) with a 420 nm cutoff filter to ensure
that the desired irradiation light was obtained. The average light
intensity was 31.2mW cm~2 measured by a power meter from
the Institute of Electric Light Source, Beijing. 50 mg of graphene-
hybridized Bi;MoOg photocatalysts were dispersed in a 100 mL
MB suspension (1 x 10~> M). The suspensions were magnetically
stirred in the dark for 30 min to reach the absorption-desorption
equilibrium before the irradiation. At certain time intervals, 2 mL
aliquots were sampled and centrifuged to remove the particles. The

filtrates were analyzed by recording variations in the absorption
band (664 nm) in the UV-vis spectra of MB using a Hitachi U-
3010 UV-Vis spectrophotometer. The active oxidants generated in
the photocatalytic process could be measured through trapping by
disodium ethylenediamine tetraacetate (EDTA-2Na) and tert-butyl
alcohol (t-BuOH). Here 1 mM t-BuOH was introduced to scavenge
the hydroxyl radicals and investigated the role of free radicals
during the photodegradation process in the present of graphene-
hybridized BMO samples. On the other hand, the trapper of the
photogenerated holes (1 mM EDTA-2Na) was added into the sus-
pensions to study whether the holes were the main active oxidative
species. The suspensions were stirred in the dark for 30 min before
the irradiation, and the photocatalytic activities of the samples
were tested by the degradation of MB.

2.4. Photoelectrochemical measurements

Photoelectrochemical tests were carried out in a conventional
three-electrode, single-compartment quartz cell, filled with 0.1 M
Na,SO4 electrolyte, using a potentiostat. The ITO/BiMoOg or
ITO/graphene-Bi,MoOg electrodes served as the working elec-
trode. The counter and the reference electrodes were platinum
gauze and saturated calomel electrode (SCE), respectively. A500 W
xenon lamp with a 420 nm cutoff filter (the average light inten-
sity was 31.2mW cm~2) was used as the source of visible light
irradiation.

3. Results and discussion
3.1. Enhancement of photocatalytic activity

The photocatalytic activities of Graphene-Bi;MoOg (G-BMO)
photocatalysts were measured by the photodegradation of methy-
lene blue (MB) as model reaction under visible light (A >420 nm),
and the results were shown in Fig. 1A. It can be seen that the vis-
ible light activity has been enhanced for all Graphene-Bi;MoOg
samples, compared to the reference photocatalyst. In this system,
the photodegradation process followed pseudo-first-order kinet-
ics procedure, and it can be explained in a Langmuir-Hinshelwood
model. When solution was diluted, the reaction rate could be
expressed by r=kKC, where K referred to adsorption equilibrium
constant, k was reaction constant, and C was the concentration of
the reactant. The influence of the amounts of graphene hybridized
upon the photodegradation rate of MB was shown in the inset
of Fig. 1. Pure Bi;MoOg presents an apparent reaction rate con-
stant k of 0.0037 min—!, while the sample of Bi;MoOg hybridized
with 0.5wt% of graphene showed an apparent reaction rate con-
stant of 0.0091 min~!, which was more than twice faster than
Bi;MoOg alone. The sample with 1.0 wt% of graphene showed the
highest activity (k=0.0136 min~1), the activity of MB degradation
was increased by almost 4 times after 1.0 wt% of graphene loaded.
The inset of Fig. 1A also showed that with the graphene content
increasing, the photocatalytic performance of Graphene-Bi; MoOg
did not improve monotonously. When the graphene content was
relatively low (<1.0 wt%), the photocatalytic activity increased con-
tinuously. However, when the graphene content was relatively high
(>1.0wt%), the photocatalytic activity decreased with increasing
graphene content. The optimal loading amount of graphene on the
surface of BMO was approximately 1.0 wt%. The decreased activ-
ity at higher graphene loading was attributed to the increased
absorbance and scattering of photons through excess graphene
in the photosystem. Fig. 1B showed the photodegradation rates
of MB on graphene, Bi;MoOg, Graphene-BMO composite and
mechanical mixture of Bi,MoOg and graphene. Graphene showed
negligible photodegradation of MB. The mechanical mixture of
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Fig. 1. Photocatalytic degradation of MB over the as-prepared samples under visible
light irradiation (A >420 nm): (A) the photodegradation plots and rate constant k as
a function of graphene content, (B) photocatalytic degradation of MB over graphene,
BMO, mechanical mixture of BMO and graphene (1.0 wt%), and the Graphene-BMO
(graphene 1.0 wt%) composite, catalyst loading, 0.5gL-'; MB, 1 x 10~> M.

Bi;Mo0Og and graphene (1 wt%) showed slightly higher photocat-
alytic activity than that of pure Bi; MoOg, while the Graphene-BMO
composite with the same amount of graphene loading pos-
sessed a much higher activity. The 4 times higher activity of
Graphene-BMO composite compared with mechanical mixture of
Bi;Mo0Og and graphene was attributed to the intimate contact
between Bi;MoOg and graphene, which was crucial for the for-
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Fig. 2. Removal efficiency of MB with experimental times in the presence of
Graphene-BMO photocatalyst under visible light irradiation (A >420 nm).

mation of electronic interaction and interelectron transfer at the
interface.

An attractive feature of the photocatalyst materials was that the
photocatalytic activity of the photocatalyst was stable. The stabil-
ity of the photocatalyst was attributed to the chemical interaction
between Bi;MoOg and graphene, which enable the graphene sta-
ble to the photocatalyst, and the graphene could not be degraded
during the photodegradation of methylene blue. Under visible light
irradiation, 80% of MB could be degraded over Graphene-Bi;MoOg
(1.0wt%) within 2h for the first irradiation, and the samples
presented stable visible light photocatalytic activity in recycled
reaction (Fig. 2). And the Graphene-Bi;MoOg photocatalysts could
be easily separated from the MB suspension by simple centrifuga-
tion after reaction, which facilitated the reuse of the catalyst.

3.2. Hybrid structures

The hybridization structure of Bi;MoOg and graphene was
investigated by HRTEM. The graphene nanosheets and y-Bi; MoOg
nanoplates were clearly observed from Fig. 3A. The image in Fig. 3B
showed the intimate contact between Bi;MoOg and graphene. This
intimate contact made the electronic interaction between Bi, MoOg
and graphene possible, and improved the charge separation and the
photocatalytic activity.

DRS patterns of Graphene-Bi; MoOg photocatalysts were shown
in Fig. 4. The patterns revealed that compared with the pure
Bi;MoOg, graphene-hybridized Bi;MoOg showed almost the same
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A\
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Fig. 3. HRTEM images of G-BMO composite (1.0 wt%).
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Fig. 4. UV-vis diffuse reflection spectra of BMO and G-BMO samples.

absorbance edge, but extended the absorbance to the whole visible
region due to the presence of graphene on Bi;MoOg. The absorp-
tion intensity of the prepared samples varied with the increase
of the graphene amount. Furthermore, the absorbance of samples
at the wavelength of 600 nm changed with a function of mass
ratio of graphene/BMO (the inset of Fig. 4). The absorption inten-
sity increased rapidly with the ratio of graphene/Bi;MoOg from
0.5 to 1.0wt%, but the increment was insignificant from 1.5 to
4 wt%. Based on the DRS observation and results of photocatalytic
activities, it was speculated that the weight ratio at which nearly
compact graphene monolayer coverage was formed on the surface
of Bi;MoOg was about 1.0 wt%. Graphene may aggregate to form
cluster on the surface of Bi,MoOg nanoplates when the weight ratio
of graphene/Bi;MoOg was above 1.0%.

XRD patterns were used to estimate the phase of the samples
with different mass ratios of graphene and Bi;Mo0Og. The patterns
of Graphene-Bi;MoOg photocatalysts exhibited similar diffraction
peaks as those for y-Bi;MoOg (See the Supporting Information, Fig.
S1).

3.3. Hybrided action between graphene and Bi;MoOg

Raman spectra were studied to obtain the information on the
interface interaction of Bi;MoOg and graphene. The Raman spec-
tra of Graphene-Bi; MoOg photocatalysts at room temperature and
ambient pressure are shown in Fig. 5. The Raman spectrum of
Bi»MoOg phase showed a very strong band at 795 cm~!, which was
presumably A;; mode, and represented the symmetric stretch of
the MoOg octahedron [24,25]. All the Graphene-Bi;MoOg sam-
ples exhibit the peak around 795cm~!. It was notable that the
Raman peak of the Mo-O stretching bands shifted gradually as
the mass ratio of graphene and Bi;MoOg varies. Compared with
pure Bi,MoOg, the peak of the Mo-O stretching bands at 795 cm™!
was slightly red-shifted by 5cm~! in the Graphene-Bi,MoOg com-
posites. The relationship between Raman stretching frequency and
bond length was found to follow a simple exponential form:

32895)
v

Rnmo—0 = 0.482391n ( (1)
where v is the Raman stretching frequency in wavenumbers and
R is the metal-oxygen bond length in angstroms [26]. It could be
concluded that the lower frequencies of the Raman stretching band
correspond to the longer bond lengths. A calculation of the Mo-0
bond length for Bi;MoOg based on the expression suggests that
one of the Mo-0 (apical) bond length (795 cm~1) decreased from
1.796 A in Bi;MoOg to 1.793 A in the Graphene-Bi;MoOg compos-
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Fig. 5. Raman spectra of BMO and G-BMO composites.
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ites. The observation of the gradual decrease in the bond lengths of
the apical Mo-0 distance strongly suggested the chemical interac-
tion between Bi,MoOg and graphene.

3.4. Mechanism of enhancement of visible photoactivity

Photoelectrochemical experiments were then performed to
investigate the electronic interaction between Bi;MoOg and
graphene. Photocurrent measurements were carried out for
Graphene-Bi;MoOg (1.0 wt%) and Bi;MoOg after deposition on
ITO electrodes (Fig. 6). A fast and uniform photocurrent response
was observed for each switch-on and switch-off event in both
electrodes (Graphene-Bi;MoOg and Bi;MoOg). The photocur-
rent transients had the different shape for each electrode. This
photoresponsive phenomenon was entirely reversible. In the
Graphene-BMO electrode, the electron-transfer characterization of
graphene increased the charge separation process of the Helmholtz
layer and changed the charge distribution of depleting layer avail-
ably. Using the equivalent circuit, there was the constant phase
elements (CPE) of the inner layer of the Graphene-BMO sam-
ple different from Bi;MoOg electrode. And the photocurrent of
Graphene-BMO electrode decreased slowly by reason of charg-
ing to the constant phase elements (CPE) of the inner layer of
the Graphene-BMO sample. It was worthy to note that the pho-
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Fig. 7. Electrochemical impedance spectroscopy (EIS) Nynquist plots of BMO and
G-BMO electrodes before and after visible light irradiation (A >420 nm). For better
comparison the EIS Nynquist plot of G-BMO is shown with five times magnification.

tocurrent of the Graphene-Bi,;MoOg electrode was about six times
as high as that of the Bi;MoOg electrode which indicated that
the separation efficiency of photoinduced electrons and holes was
improved through the electronic interaction between graphene
and Bi;MoOg. The ability of electron transfer from photocatalysts
to the graphene sheet had been detected by time-resolved fluores-
cence spectroscopy in the Graphene-CdS nanocomposite [27].

To investigate the influence of graphene hybridization on
the photoelectric property, the electrochemical impedance spec-
troscopy technology (EIS) was used to study the solid/electrolyte
interfaces of Bi;MoOg and Graphene-Bi;MoOg samples. Fig. 7
showed the EIS Nynquist plots of Bi,M0oOg and Graphene-Bi; MoOg
electrodes before and after visible light irradiation (A >420nm).
The diameter of the arc radius on the EIS Nynquist plot of
the Graphene-Bi;MoOg electrode was smaller than that of the
Bi;Mo0Og electrode with or without visible light irradiation. The
smaller the arc radius of the EIS Nynquist plot, the lower the electric
charge transfer resistance. Using the equivalent circuit, the forma-
tion of photoinduced electron-hole pair in the Bi;MoOg electrode
reduced significantly the resistance of depleting layer (R3) under
visible lightirradiation. And different from dark field, the Helmholtz
layer was mainly occupied by the photoinduced electron-hole pair,
so the electric charge transfer resistance (R;) was also reduced. In
the Graphene-BMO electrode, graphene on the surface increased
the process of charge separation, influenced the distribution of the
electrical double layer, and promoted the electron transfer, so that
the electric charge transfer resistance (R, ) decreased significantly.
The charge distribution of electrical double layer also impacted
the depleting layer, so that R3 decreased. In contrast with dark
field, the electric charge transfer resistance (R;) and the depleting
layer resistance (R3) also reduced under visible light irradiation.
Because R, and Rj in the Graphene-BMO electrode were much
smaller than that in Bi;MoOg electrode, the diameters of the arc
radius on the EIS Nynquist plots of Bi;MoOg electrodes decreased
more evidently than that of the Graphene-BMO electrode. Thus, in
the case of Graphene-Bi;MoOg, the photo-induced electron-hole
pairs were easier separated and transferred to the sample surface
which was due to the hybridization with graphene, i.e., the photoin-
duced electrons and holes were separated more efficiently through
an interfacial interaction between graphene and Bi;MoOg.

It was important to identify the main oxidant in the pho-
tocatalytic degradation process to investigate the photocatalytic
mechanism. Detecting the main oxidant could be carried out
through the radicals and holes trapping experiments [28]. Fig. 8
showed the photodegradation of MB with the addition of holes and
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Fig. 8. Photocatalytic degradation of MB with the addition of hole and radical scav-
enger under visible light irradiation (A >420 nm).

hydroxyl radicals scavengers, respectively. The addition of 1 mM
tert-butanol as hydroxyl radicals scavenger caused a minor change
in the photocatalytic degradation of MB, while the MB could be
greatly prevented by the addition of capture for holes (EDTA-Na). It
clearly indicated that the free hydroxyle radicals were not the main
active oxidative species of the Graphene-Bi;MoOg photocatalysts,
but the photocatalytic process was mainly governed by direct holes
and O,*~ oxidation reaction.

On the basis of the above results, the electronic interac-
tion between graphene and y-Bi;MoOg was confirmed and the
enhanced photocatalytic activity could be explained by the fol-
lowing mechanism: Photo-generated electrons and holes within
the Bi;MoOg either took part in redox reactions at the surface
or recombined. The recombination process had a faster kinetics
than the redox reactions and therefore controlled the efficiency
of the photocatalytic process [29]. In the presence of graphene,
photo-generated electrons were scavenged by graphene. Thus, the
possibility of the recombination of electron-hole pairs decreases,
leaving more hole charge carriers and promote the degradation
of MB. Meanwhile, O, absorbed on the surface of graphene could
accept e~ and form O,*~ which then oxidized MB directly on the
surface.

4. Conclusions

It has been demonstrated that graphene-hybridized y-Bi; MoOg
nanoplates possessed significant visible light photocatalytic activ-
ity. The activity was increased by almost four times when
loaded with 1.0 wt% graphene. The electronic interaction between
graphene and y-Bi;MoOg was supposed to be responsible for the
enhanced photocatalytic activity and photocurrent conversion. The
graphene hybridization was proven to be a promising approach to
develop highly efficient and stable photocatalysts under the visible
light irradiation.
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