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Graphene-modified BiMo 03V .0704 thin-film
photoanode for enhanced photoelectrochemical water
splitting performance

Weibing Li“, Jiguang Yue®, Yuyu Bu’, Zhuoyuan Chen*”

In this study, graphene is coated on the surface of the Mo-doped BiMoy 3V.9704 (BiMoVO)
film by the galvanostatic reduction deposition. The BiMoVO/graphene (BiMoVO/G) thin-film
photoanode exhibits the optimal photoelectrochemical performance with the graphene
deposition time of 600 s. The photoinduced current density is 3.5 mA-cm™ at the bias potential
of 1 V, which increases by approximately 2.3 times of that of the BiMoVO thin-film
photoanode. Moreover, the BiMoVO/G photoanode shows higher photoelectrochemical
stability as well. The improvement of the photoelectrochemical property is attributed to the
graphene coating, which acts as the receptor of the photogenerated electrons from the BiMoVO
film. Therefore, the photogenerated electrons can be rapidly transferred to the substrate
through the graphene channel, enhancing the separation efficiency of the photogenerated

electron—hole pairs and prolonging the lifetime of the photoinduced electrons.

Introduction
Photoelectrochemical technique is widely considered as one of
the key technologies to solve the energy crisis and
environmental pollution problems!'*®). The enhancement of the
quantum yield and the optimization of the materials with
photoelectric conversion capabilities are the keys for pushing
this technique into practical application. Three properties are
needed for the photoelectrochemical materials. Firstly, the
materials should have sufficiently wide light absorption range
and absorption intensity to capture photons as much as possible.
Secondly, the materials should have high electron mobility and
less bulk traps during the migration process of photogenerated
electrons and holes from the interiors of the materials to their
surfaces. Finally, the redox capability of the photoinduced
electrons and holes generated by these materials should be high
enough. If any of the above mentioned properties of the
materials meet the

cannot requirements, the

This journal is © The Royal Society of Chemistry 2013

photoelectrochemical performance of the materials will be
decreased”™™. Thus, it is necessary to modify the surface or the
interface of the materials to enhance their photoelectrochemical
performance.

Since Novoselov et al.'”) reported that graphene was a two-
dimensional ultrathin planar-structure carbon material in 2004,

wide attentions have been attracted from the researchers due to

its excellent luminous, electrical, thermal and magnetic
effect!®®.  In  the fields of photocatalytic  or
photoelectrochemical materials, novel graphene based

semiconductor composite materials are widely considered as

highly promising solar energy conversion materialst'*!'"],

Numerous studies indicate that the enhancement of the

photocatalytic or photoelectrochemical performance of the
graphene/semiconductor materials composites mainly come
from the following four aspects: (1) With the formation of the

heterojunction  electric  field between graphene and

semiconductor materials, the separation efficiency of
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photogenerated electrons and holes are efficiently enhanced. (2)
By loading the graphene on the surface of other semiconductor
materials, the migration rate of photogenerated electrons can be
enhanced and the lifetime of photogenerated electrons can be
prolonged. (3) Graphene, acted as the surface co-catalyst of the
semiconductor materials, can enhance the redox capability of
the photoinduced electrons and holes generated by the
semiconductor materials. Williams er al.'¥ mixed TiO, with
graphene oxide and subsequently prepared TiO,/graphene
composite materials by photo-assisted reduction. They showed
that the photocatalytic activity of TiO, can be significantly
enhanced by compositing graphene with TiO,. Xu et al!'”]
loaded graphene on the surface of ZnO nanoparticles and they
found that the photocatalytic performance could be
significantly enhanced after composting 2 wt% graphene with
ZnO. The main principle is that the existence of graphene
accelerates the migration of photogenerated electrons and thus
efficiently inhibits the recombination of photogenerated
electrons and holes. Zhang et al.!'" loaded Ag@AgCl on the
surface of graphene. The separated photoinduced electrons,
generated by the surface plasma resonance effect of Ag, swiftly
transferred to graphene and reacted with the surrounding media.

Kim et al.?”

smashed large pieces of graphene into nano-scale
pieces, and subsequently assembled on the surface of TiO, to
prepare graphene@TiO, shell-core structure material. They
found that the increased contact area between TiO, and
graphene could increase the interface heterojunction electric
field area and thus efficiently enhanced the separation
efficiency of the photogenerated electrons and holes. Iwase et
al.®"! prepared all-solid BiVO,/graphene/SrTiO; Z-scheme
photocatalyst and found that graphene could act as the efficient
electron-transfer medium. Under visible light illumination, this
photocatalyst could split water completely. Song et all*
assembled graphene oxide on the surface of TiO, nanorod array
and found that the graphene oxide coated on the surface of TiO,
could enhance the conversion

nanorod photoelectric

performance of the TiO, nanorod array to some extent. Liu et

2| J. Name., 2012, 00, 1-3

al.") prepared graphene on the surface of TiO, nanorod array
by cyclic voltammetry technique and found that the coated
graphene could enhance the mobility of the photogenerated
electrons and extend the light absorption range of the composite
material to visible light region.

Polymetallic oxide monoclinic BiVO, is a stable, low-cost
and environment-friendly semiconductor material with the band
gap of 2.4 eV and possesses the ability to absorb visible light?**-

27]

Relevant studies have shown that the theoretical

photoelectric conversion efficiency of this material can reach
9.1 %[®. Therefore, the usage of this material in the area of
photocatalysis or photoelectrochemical splitting water is always
attracting attention of researchers. Because the conduction band
potential of BiVO, is slightly more positive than the reduction
potential of water, hydrogen production from water splitting
under zero bias potential using this material cannot be achieved.
However, it has relatively positive valance band potential,
which makes it be an excellent material for
photoelectrochemical oxidizing water to produce oxygen. To
improve the performance of photoelectrochemical oxidizing
water, numerous modifying works for BiVO,; have been
performed by the researchers in recent years. Studies indicate

[29,30]

that doping elements , constructing heterojunction electric

[7,23]

field with semiconductors®®!, surface modification and

preparing mesoporous BiVO,P?

can efficiently enhance the
photoelectrochemical oxidizing water performance of BiVO,.
The photocatalytic or photoelectrochemical properties can be
enhanced to a large extent by compositing BiVO, with
graphene. Sun et al.** firstly synthesized ordered monoclinic
BiVO, quantum tubes, and subsequently loaded on graphene to
prepare  BiVO, quantum  tubes-graphene  composite
photocatalyst. They found that the optimization of BiVO,
nanostructure and the loading of graphene can significantly
enhance the visible light-driven photocatalytic properties of
BiVO,. Ng e alP* firstly prepared BiVO, and
BiVO,/Graphene composite powder materials. The powder was

then made into slurry and coated on the F-doped SnO, (FTO)

This journal is © The Royal Society of Chemistry 2012
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conductive glass by dip-coating method to prepare thin-film
photoelectrodes. They found that the mixing of graphene and
BiVO, benefitted the transfer of photogenerated electrons to
FTO the enhancement of the

substrate, leading to

photoelectrochemical performance. However, in the film
prepared by dip-coating method, the connections between
BiVO, particles were pretty loose, which inhibited the
transferring process of photogenerated electrons. On the other
hand, the intrinsic photoelectric conversion performance of the
unmodified BiVO, is poor. Therefore, the monochromatic
incident photon-to-electron conversion efficiency (IPCE) of this
composite photoelectrode in the wavelength range of 300~500
nm did not exceed 5 %. Thus, it has important significance to
further enhance the photoelectrochemical performance of the
BiVO,-graphene composite photoelectrode.

Based on the above-mentioned reasons, in the present work,
the authors prepared Mo-doped BiMog03V(9704 (BiMoVO)
thin-film photoanode on the surface of FTO by the pyrolysis of
organic materials. Luo et al.’” have prepared Mo doping
BiVO, photoanode, the research results indicated that the
photoelectrochemical water oxidation performance was
improved greatly when the doping amount reached 3 %. So, in
this we have choose

study, the BiM00_03V0_9704 as a

photoelectrode. And then, the galvanostatic reduction
deposition method was used to prepare graphene coating layer
on the BiMoVO film. The aim was to enhance the
photoelectrochemical water splitting performance of the
prepared BiMoVO/graphene (BiMoVO/G) composite film by

using the dual roles from Mo doping and graphene modifying.

Results and discussion

Figure 1 shows the XRD patterns of the prepared samples. As
shown in the XRD pattern of the BiMoVO film, the intensive
diffraction peaks at 19.5°, 29° and 30.5° were observed,
corresponding to the monoclinic phase of the prepared

BiMoVO film with a high crystallinity. Tokunaga et al.!**

This journal is © The Royal Society of Chemistry 2012
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reported that the BiMoVO film with monoclinic phase showed
the optimal photocatalytic oxygen reduction property. In the
XRD pattern, no other impurity peaks were observed except the
diffraction peak of the FTO conducting glass, indicating that a
small amount of doped Mo did not affect the monoclinic phase
structure of BiVO, film. By Comparing the XRD pattern of
BiMoVO with the BiMoVO/G composites with different
graphene deposition time, there was no difference of the
monoclinic phase, indicating that the deposition of graphene

did not affect the crystal structure of BiMoVO.

The characteristic diffraction peaks from graphene were not
observed in the XRD patterns of the BiMoVO/G composites, as
shown in Figure 1. When the graphene deposition time is larger
than 700 s, a slight heave was observed in the range of 20°-30°,
which could probably be caused by the deposition of the
graphene. However, this cannot be entirely sure. Therefore,
XPS was further used to analyze the BiMoVO/G composites to
confirm the deposition of graphene on the surface of the
BiMoVO film. Figure 2 shows the XPS results of the BiMoVO-
600 composite. As shown in Figure 2a, the prepared sample
was composed of Bi, Mo, V, O, and C, and the electron peak of
Sn was from the FTO substrate. Figure 2b shows the high-
resolution XPS core level spectrum of Cls. The curve fitting
demonstrates that the C in the sample existed mainly in the
form of the C—C bond (Peak area rate 97%), and the peaks
corresponding to the oxidation state of the C—O (Peak area rate
2.5%) and O—C=0 (Peak area rate 0.5%) bonds were relatively
weak, indicating that the graphene on the surface of the
BiMoVO film was highly reduced. In addition, the XPS results

of the other elements are shown in Figure S1.
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Figure S2 shows the FTIR spectra of the BiMoVO and
BiMoVO/G-600 films. A wide peak at 1500 cm™ was observed
in the spectrum of the BiMoVO film (Curve a). After the
deposition of graphene, the C—C and C—O vibration peaks were
obviously observed, as shown in the spectrum of the

BiMoVO/G-600 film (Curve b), confirming that the graphene

was deposited on the surface of BIMoVO.

Figure 3 shows the SEM morphologies of the BiMoVO and
BiMoVO/G-600 thin films under low and high magnifications.
Figure 3a shows the surface morphology of the BiMoVO film
under low magnification. Accordingly, the particles in the
BiMoVO film distributed homogeneously, and a certain space
existed among them. Figure 3b shows the surface morphology
of the BiMoVO film under high magnification, and the particle
size is approximately 500 nm with irregular shapes. Figure 3c
shows the SEM morphology of the BiMoVO/G-600 film, and
the particles in the sample were homogeneously distributed as
well. However, the space among the particles obviously
decreased compared to that shown in Figure 3a, probably
caused by the deposition of the graphene. The inset in Figure 3¢
is the cross-sectional view of the BiMoVO/G-600 thin film,
indicating a layer of the BiMoVO/G film with a thickness of
500 nm homogeneously deposited on the FTO conductive
glass. Figure 3d shows the SEM morphology of the
BiMoVO/G-600 film under high magnification, and a layer of
coated graphene was observed on the surface of the BiMoVO
film, further confirming that the graphene was successfully
deposited on the surface of the BiMoVO film. The inset in
Figure 3d is the TEM image of the BiMoVO/G-600 thin film.

From this image we can find that the BiMoVO is clad by

graphene thin film uniformly.

4| J. Name., 2012, 00, 1-3

The particle size of BiMoVO/G is approximately 500 nm, as
shown in Figure 3b. The thickness of the BiMoVO/G film
deposited on the FTO surface is also approximately 500 nm.
Thus, the BiMoVO/G film is mainly composed of a single
BiMoVO/G particle layer. After the BiMoVO particles were
covered by the graphene, the BiMoVO particles contact with
both the FTO film and the graphene, resulting in the formation

of an effective electron transfer path.

Figures S2a and S2b show the SEM morphologies of the
BiMoVO/G-400 film under low and high magnifications,
respectively. A certain amount of graphene was deposited on
the BiMoVO film after 400-s deposition of graphene. The space
among the particles in Figures S2a and S2b was relatively
bigger than that shown in Figures 3c and 3d, indicating that less
amount of graphene was deposited on the BiMoVO/G-400 film
than on the BiMoVO/G-600 film. Figures S2c¢ and S2d show
the SEM morphologies of the BiMoVO/G-800 film. A large
amount of graphene was coated on the surface of the BiMoVO
film, and the space among the particles was filled with
graphene. Therefore, the deposition time can be used to control

the amount of graphene on the BiMoVO film.

Figure 4 shows the UV/Vis diffuse reflectance spectra of
BiMoVO and the BiMoVO/G films after different graphene
deposition time. As shown in Figure 4, the absorption
thresholds of the samples were at around 520 nm, indicating
that the deposition of graphene did not increase the optical
absorbance of the BiMoVO film. The amount of deposited
graphene affected the absorption at the wavelength <520 nm.
Because of the intrinsic absorption of the graphene, the
absorption at >520 nm increased with the increase of the

amount of the deposited graphene!'® '8,

This journal is © The Royal Society of Chemistry 2012
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The properties of the BiMoVO and BiMoVO/G photoanodes
were further investigated by the photoelectrochemical and
electrochemical measurements, and the results are shown in
Figure 5. Figure 5A shows the i—t curve of the BiMoVO and
BiMoVO/G photoanodes. The photoinduced current density of
the BiMoVO photoanode was 1.5 mA-cm?, and it increased
with the increase of the graphene deposition time. The
photoinduced current density reached 3.5 mA.cm? at the
graphene deposition time of 600 s, which increased 2.3 times
compared to that of the BiMoVO photoanode, indicating that
the deposition of graphene on the BiMoVO film significantly
improved the photoinduced current densities of the BiIMoVO/G
photoanodes. With the further increase of the graphene
deposition time, the photoinduced current densities decreased.
Figure 5B shows the i—V curves of the BiMoVO and
BiMoVO/G photoanodes. The photoanodes generated small
photoinduced current densityies at the scanning voltages around
0 V, and the photoinduced current densities slightly increased
with the further increase of the scanning potential. When the
scanning potential is larger than 0.4 V, the photoinduced
current densities are rapidly increased. The relatively high onset
potential of the photoinduced current indicates that the positive
conduction band potential of the BiMoVO film decreases the
reducibility of the photogenerated electrons, and much more
positive bias potential is required to transfer this kind of
photogenerated electrons to the FTO conductive galss. The
photoinduced current densities of the BiIMoVO/G photoanodes
were significantly higher than that of the BiMoVO photoanode
under the same bias potential. The BiMoVO/G-600 photoanode
shows the highest photoinduced current density (6.5 mA-cm™ at
the bias potential of 1.5 V). Figure 5C shows the IPCE curves

of the BiMoVO and BiMoVO/G-600 photoanodes at the bias

This journal is © The Royal Society of Chemistry 2012
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potential of 1 V (vs Ag/AgCl). The photoelectric conversion
efficiency for the BiMoVO photoanode maintained at around
40% under the illumination of the incident light <420 nm.
However, this value decreased rapidly at wavelengths >420 nm.
For the BiMoVO/G-600 photoanode, the photoelectric
conversion efficiency was maintained at around 50% under the
illumination of the incident light <440 nm. And this value
decreased rapidly at wavelengths >440 nm. Moreover, the
BiMoVO/G-600 photoanode showed higher photoelectric
conversion efficiency compared to that of the BiMoVO
photoanode in the wavelength range of 440-520 nm. To verify
the photoelectrochemical stability of the BiMoVO/G-600
photoanode, the i—t curve was measured under long time (10 h)
of illumination, and the results are shown in Figure 5D. The
photoinduced current density of the BiMoVO/G-600 film firstly
decreased, then increased, and finally decreased slowly under
the long-term illumination. The photoinduced current density
was maintained at around 3.2 mA-cm>, decreased by 8.6%
compared to the initial value (3.5 mA-cm™) after 10 h of visible

light illumination, indicating that the photoanode had relatively

high photoelectric conversion stability.

PL spectroscopy and EIS were further used to investigate the
mechanism of the improvement in the photoelectrochemical
water splitting performance induced by the deposition of
graphene on the BiMoVO film, and the results are shown in
Figure 6. Figure 6A shows the PL spectra of the BiIMoVO and
BiMoVO/G photoanodes. Semiconductor materials can
generate separated photoinduced electrons and holes under
illumination of incident light with suitable wavelength. The
recombination of the separated electrons and holes will convert

into heat or fluorescence. The intensity of the fluorescence is

proportional to the recombination rate of the electrons and

J. Name., 2012, 00, 1-3 | 5
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holes, i. e., the more intensive fluorescence, the more vigorous
recombination of the photoinduced electrons and holes and the
shorter lifetime of the photogenerated electrons. As shown in
Figure 6A, the BiMoVO film had the most intensive
fluorescence emission, and the fluorescence was quenched by
the deposition of graphene on the film, indicating that the
graphene efficiently prevented the recombination of the
photogenerated electrons and holes and increased the lifetime
of the photogenerated electrons, probably caused by the high
electron capturing capability and electron transferring ability of
the graphene. Figure 6B shows the EIS result of the BiMoVO
and BiMoVO/G-600 photoanodes in 0.1 M Na,SO, neutral
electrolyte in the dark. We have fitted the EIS curves by a
simple Randles Circuit which is inset in Figure 6B. The fitted
values were showed in Table 1. The results demonstrate that the
resistance value of the BiMoVO film was 5017.34 Q cm?, and
the value decreased to 3392.27 Q cm’ after depositing
graphene on BiMoVO, indicating that graphene may provide
the electron migration channel for the film. Consequently, the
recombination probability decreased since the electrons could
be transferred to the substrate under a lower resistance, which
increased the lifetime of the electrons, and eventually improved

the efficiency of the photoelectrochemical water splitting

performance.

Figure 7 shows the possible mechanism of the improvement of
the photoelectrochemical water splitting performance using the
BiMoVO/G photoanode. BiMoVO absorbed photon, and the
electrons in the valence band were excited to the conduction
band under visible light. Graphene is an efficient electron
receptor; therefore, the photogenerated electrons from the
BiMoVO film were rapidly transferred to graphene, and then

the electrons were further transferred to the FTO conductive

6 | J. Name., 2012, 00, 1-3

glass at the bias potential of 1 V, and finally hydrogen was
produced on Pt by the reduction of water. The photogenerated
holes could transfer to the surface of the BiMoVO film and
reacted with water on the surface of the film uncoated with
graphene to produced oxygen. The rapid transfer of the

photogenerated electrons through graphene effectively

decreased the secondly recombination probability of the
photoinduced electrons and holes, thus improving the efficiency

of the photoelectrochemical water splitting.

Experimental

1 Preparation of BiMoVO and BiMoVO/G composite

BiMoVO precursor solution was prepared based on the method
of Luo er al.?¥ and the specific steps were as follows. Firstly
0.3492 g of bismuth nitrate pentahydrate was ultrasonically
dissolved into 3.6 mL of acetic acid. Afterwards, 0.2386 g of
vanadium acetylacetonate and 0.007 g of molybdenum
acetylacetonate were ultrasonically dissolved into 23.3 mL of
acetylacetone. Then, the above two solution were mixed and
ultrasonically dispersed for 30 min. After the sonication, the
mixed solution was treated by standing and aging for 24 h to
obtain BiMoVO precursor solution.

The BiMoVO film was prepared by the following method.
Firstly a uniform precursor film was coated on the clean FTO
conductive glass with the area of 1x1.3 cm? by spin coating
method (2000 r-Min™', 20 s). The uniform ultrathin BiMoVO
film was obtained by further annealing in air atmosphere under
470 °C for 30 min (heating/cooling rate was 10 °C-Min™). To
increase the thickness of the BiMoVO film, 10 puL precursor
solution was uniformly coated on the surface of the prepared
ultrathin BiMoVO film for each time, followed by annealing
under 470 °C for 30 min. The above process was repeated for 6
times and the BiMoVO film with the thickness of
approximately 500 nm was obtained. Dilute hydrochloric acid

was used to dissolve the margin region with area of 1x0.3 cm?

of the BiMoVO film to completely expose this region of FTO

This journal is © The Royal Society of Chemistry 2012
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conductive glass. This region of FTO conductive glass was
connected with electric conductive wire by conductive silver
paste and then completely sealed by epoxy resin. The final
effective area of the BIMoVO film electrode was 1x1 cm?.

The prepared BiMoVO thin-film photoelectrode was then
coated with graphene by the galvanostatic reduction deposition.
Firstly, 0.02 g of graphene oxide prepared by Hummer’s
method was ultrasonically dispersed into 50 mL of disodium
hydrogen phosphate solution with the concentration of 1 mol-L"
L. Three-electrode cell system was used, in which a Pt sheet, the
BiMoVO thin-film electrode, and a Ag/AgCl electrode were
used as the counter electrode, the working electrode, and the
reference electrode, respectively, and the prepared graphene
dispersion was used as the electrolyte. By wusing the
galvanostatic reduction deposition under a constant cathodic
current of 0.1 mA-cm?, series BiMoVO/G thin-film
photoelectrodes were obtained by deposition graphene for 400 s
» 500 s,

600 s, 700 s and 800 s, which were denoted as

BiMoVO/G-400, BiMoVO/G-500, BiMoVO/G-600,

BiMoVO/G-700 and BiMoVO/G-800, respectively.

2. Characterization of the prepared BiMoVO and BiMoVO/G
composites

X-ray diffraction (XRD, D/MAX-2500/PC; Rigaku Co., Tokyo,
Japan) was used to identify the crystalline structures of the
prepared series photoanodes. The elementary composition and
bonding information of the prepared BiMoVO/G composites
were analyzed using X-ray photoelectron spectroscopy (XPS,
Axis Ultra, Kratos Analytical Ltd., England). The morphologies
of the prepared samples were analyzed using a scanning
electron microscope (SEM, JSM-6700F; JEOL, Tokyo, Japan).
A UV/Vis diffuse reflectance spectrophotometer (U-41000;
HITACHI, Tokyo, Japan) was used to study the optical
absorption properties of the prepared series samples. The
photoluminescence (PL) intensity of the prepared photoanodes
was characterized using a fluorescence spectrometer (PL,

Fluoro Max-4, HORIBA Jobin Yvon, France).

This journal is © The Royal Society of Chemistry 2012
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3 Photoelectrochemical performance testing

A three-electrode system was employed to measure the
variations of the photoinduced current density with time (i-t
curve), photoinduced volt-ampere characteristic curve (i-V
curve) and electrochemical impedance spectroscopy (EIS) of
the prepared photoelectrodes wusing the CHI660D
Electrochemical Workstation (Shanghai Chenhua Instrument
Co., Ltd., Shanghai, China). The prepared photoelectrodes (1x1
cm?), Ag/AgCl (saturated KCI) electrode, and platinum
electrode act as the working, reference, and counter electrodes,
respectively. The i-t curves were measured at a bias potential of
1 V (vs. Ag/AgCl). The i-V curves were measured from 0 to
1.5 V (vs. Ag/AgCl) with a scan rate of 0.05 V-s™'. The light
source was a 150 W Xe arc lamp (PLS-SXE300, Beijing
Changtuo Co. Ltd., Beijing, China) , and a 420 nm cutoff filter
was used to get the visible light, with an optical intensity of 200
mW-cm™. EIS tests were performed at open circuit potential
over the frequency range between 10° and 102 Hz, with an AC
voltage magnitude of 5 mV, using 12 points/decade. The
photoelectric conversion efficiency of the photoelectrodes was
studied based on their IPCE spectra, which were measured at 1

V (vs. Ag/AgCl) bais potental using a 500 W Xe lamp with a

monochromator.

Conclusions

In this work, the Mo-doped BiVO, thin-film photoanode with a
thickness of approximately 500 nm was prepared on the surface
of FTO conducting glass by the organic pyrolysis method, and
graphene was coated on the surface of the BiMoVO film via the
galvanostatic reduction deposition method by controlling the
graphene deposition time. The XPS, XRD, FTIR, and SEM
results of the BiMoVO/G photoanode verified the deposition of
graphene on the surface of the BiMoVO film. The

photoelectrochemical characterizations of the BiMoVO and

BiMoVO/G photoanodes prepared after different graphene

J. Name., 2012, 00, 1-3 | 7
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deposition time indicated that the BiMoVO/G photoanode
showed much better photoelectrochemical properties than those

of the BiMoVO photoanode, and the BiMoVO/G-600

photoanode showed the optimal photoelectrochemical

performance. The photoinduced current density reached 3.5
mA-cm? at the bias potential of 1 V. Moreover, the
BiMoVO/G-600 showed high

photoanode very

photoelectrochemical stability. The photoinduced current

density decreased by only 8.6% after 10 h of visible light

illumination. The results of the PL and EIS measurements
demonstrate that the photogenerated electrons from the
BiMoVO film can rapidly transfer to the graphene and further
to the FTO conductive glass, decreasing the recombination

probability of the electrons and holes and increasing the

lifetime of the photoinduced electrons.
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Figure 1. XRD patterns of the prepared BiMoVO and BiMoVO/G composites with different graphene deposition time.
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Figure 2. XPS spectra of the BiMoVO/G-600 composite. (a) the total survey spectrum. (b) the C1s XPS core level spectrum.
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Figure 3. SEM images of the BiMoVO thin film at low (a) and high (b) magnification; and the BiMoVO/G-600 thin film at
low (c¢) (the inset in Figure 3c is the cross-section view of the BiMoVO/G-600 thin film) and high (d) magnification (inset in

Figure 3d is the TEM of the BiMoVO/G-600 thin film).

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9



RSC Advances

Intensity (a.u.)

a— BiMoVO

b — BiMoVO/G-400
¢ — BiMoVO/G-600
d — BiMoVO/G-800

300 400

500 600 701

Wavelength (nm)

Page 10 of 13

Figure 4. UV/Vis diffuse reflection spectra of (a) BiMoVO; (b) BiMoVO/G-400; (c) BiMoVO/G-600; (d) BiMoVO/G-800.
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Figure 5. (A) Photoinduced i-t curves of the BiMoVO and BiMoVO/G photoanodes with different graphene deposition time

under visible light illumination and at the bias potential of 1 V (vs Ag/AgCl); (B) Photoinduced i-V curves of the BiMoVO,

BiMoVO/G-400, BiMoVO/G-600 and BiMoVO/G-800 photoanodes under visible light illumination; (C) The IPCE curves
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of BiMoVO and BiMoVO/G-600 photoanodes at the bias potential of 1 V (vs Ag/AgCl); (D) Photoinduced i-t curve of the
BiMoVO/G-600 photoanode under a longtime visible light illumination at the bias potential of 1V (vs Ag/AgCl). All of the

above mentioned tests were performed in 0.1 M Na,SO, neutral solution.
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Figure 6. (A) Photoluminescence curves of the BiMoVO, BiMoVO/G-400, BiMoVO/G-600 and BiMoVO/G-800
photoanodes; (B) EIS results of the BiMoVO and BiMoVO/G-600 photoanodes under dark at a frequency range from 10°

to 10! Hz in 0.1 M Na,SO, neutral electrolyte.

Table 1. Fitted parameters of the EIS results of the photoelectrodes of BiMoVO and BiMoVO/G-600.

Sample Ry (Q cm?) Ram (Qcm?) Q (QTcm?s?)
BiMoVO 114.38 5017.34 1.23x10™
BiMoVO/G- 125.12 3392.27 2.48x10™
600

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 11
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Figure 7. Proposed mechanism for the charge transfer of the photogenerated electrons and holes of the BiMoVO/G thin-

film photoanode.
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