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Abstract−Various thin films for photoelectrochemical (PEC) water splitting were prepared and their PEC perfor-
mance was tested. The precursor solutions for WO3 and BiVO4 photocatalysts were synthesized by solution processes,
and the graphene oxide (GO) was prepared by Tour’s method and was calcined and converted to reduced graphene
oxide (rGO). The composite photocatalyst thin films of WO3, BiVO4, WO3/BiVO4 and WO3/BiVO4-rGO were pre-
pared on fluorine doped tin oxide glass by spin coating and calcination processes and the PEC performances were ana-
lyzed for those photocatalyst layers. The controlled WO3/BiVO4 heterojunction layer showed better PEC performance
than the WO3 or BiVO4 single layer by the combined effects of photocatalysts. The WO3/BiVO4-rGO film with the
optimum concentration of rGO showed a noticeable increase in photocurrent density because of the increased electri-
cal conductivity by rGO and reduced recombination rate in BiVO4 layer.
Keywords: Production of Hydrogen, PEC Water Splitting, Heterojunction Photocatalyst Layers, Reduced Graphene

Oxide (rGO), WO3/BiVO4-rGO Thin Film

INTRODUCTION

Hydrogen is one of the important future alternative energies to
overcome the energy crisis. Photoelectrochemical (PEC) water split-
ting has been considered as one of promising methods to gener-
ate hydrogen and the photocatalysts in PEC water splitting make
electron-hole pairs by photoexcitation. The photogenerated elec-
tron-hole pairs are transferred to active sites of electrodes and split
the water into hydrogen and oxygen by redox reactions. For the
effective PEC water splitting, the photocatalysts need to have the
band-gap excited efficiently by the energy of solar light and the
effective transport properties of photogenerated electron-hole pairs
[1]. TiO2 has been the most popular photocatalyst for the research
of PEC water splitting, but it can utilize only 4% of sunlight due to
its relatively large band gap of about 3.0-3.2 eV [2]. WO3 has a
lower band gap of 2.8 eV and is believed to be more appropriate
photocatalyst to utilize visible solar light [2]. Instead, its level of
conduction band is lower than the reduction potential required for
water splitting [3-5], and the bias voltage needs to be applied to reach
the reduction potential. Although BiVO4 does not have a suitable
position of conduction band for water splitting either [5], it has
several advantages as a photocatalyst, because it has narrower band
gap (2.4 eV) and high stability, is inexpensive and environmentally
benign, and it can be synthesized by several facile methods. But
BiVO4 also has the disadvantage of high recombination rate between
electrons and holes, resulting in low effective photocurrent density

[6]. Recently, many research groups have attempted to improve the
photocatalytic activities by nanostructure control [7-9], metal or non-
metal ion doping [4,10-12] and heterojunction structures [13-15].

Heterojunction thin films combining two different photocata-
lysts are proposed as the plausible method to overcome the above-
mentioned disadvantages of photocatalysts and to improve the
PEC water splitting efficiency [16-19]. Because all photocatalysts
have different band gap positions of their own, photogenerated
electrons can be separated from holes in heterojunction thin film
more efficiently by the proper choice of photocatalysts, and the
electrons and holes can be transferred to the active sites more effec-
tively without the recombination reactions and, as a result, the PEC
performance can be improved. When WO3 and BiVO4 are com-
bined in heterojunction thin film, the photogenerated electrons in
BiVO4 layer can be transferred to WO3 layer, because the conduc-
tion band of WO3 is lower than BiVO4, but the holes cannot be
transferred to WO3 layer because the valence band of WO3 is lower
than BiVO4 and the electrons and holes are separated more effi-
ciently without recombination reactions [14].

Many research groups have proved that the graphene has some
positive effects on the activities of photocatalysts (BiVO4 [6], TiO2

[20], ZnO [21], WO3 [22], Fe2O3 [23]). Graphene also has high elec-
trical conductivity [24] and, by combining the photocatalyst with
graphene, the photo-excited electrons in photocatalyst can be sep-
arated from holes more easily and, as a result, the PEC water split-
ting efficiency can be improved significantly [6,20-23]. Although
BiVO4 has several advantages as photocatalyst, it could not gener-
ate high photocurrent density due to high recombination rate, but a
notable enhancement in the current density was obtainable through
the addition of graphene in BiVO4 electrodes [6].
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Separate studies on PEC performance with WO3/BiVO4 hetero-
junction or photocatalyst-rGO composite have been done, but there
has been no study on the combined effects of WO3, BiVO4 and
rGO yet. In this study, we prepared several composite photocata-
lyst thin films of WO3, BiVO4, and rGO on fluorine doped tin oxide
(FTO) glass and compared the PEC performance of those photo-
catalyst layers (WO3, BiVO4, WO3/BiVO4 and WO3/BiVO4-rGO)
for the first time. WO3 and BiVO4 are well known to have high
visible light activity and stability. We prepared the heterojunction
of WO3 and BiVO4 by solution processes and the rGO was added
to BiVO4 layer to supplement the poor electrical conductivity of
BiVO4. The properties of prepared thin films were analyzed by
UHR-SEM (Ultra high resolution scanning electron microscope),
HRXRD (High resolution X-ray diffractometer) and XPS (X-ray
photoelectron spectroscopy). The PEC performance of prepared
thin films was measured by PEC cell and analyzed.

EXPERIMENTAL

1. Preparation of GO
The GO was prepared based on Tour’s method, which is safer,

simpler and more environmentally benign to get high degree of
oxidation than Hummer’s method [25]. First, 360 ml of sulfuric
acid (H2SO4, 98% GR, Daejung) and 40 ml of phosphoric acid
(H3PO4, 85% GR, Daejung) were mixed. Next, the prepared solu-
tion was poured into the mixture of 3 g of graphite powder (CP,
Daejung) and 18 g of potassium permanganate (KMnO4, 99.3%
GR, Junsei) and intensively stirred at 50 oC for 12 hr. Then, hydro-
gen peroxide solution (H2O2, 30-35.5% GR, Wako) was added to
the mixed solution to terminate the oxidation reaction. The pre-
pared GO was exfoliated by sonication and was centrifuged and
washed using dilute hydrochloric acid and acetone solution. The
sufficient washing was confirmed by the precipitation reaction with
barium chloride and the titration with pH paper.
2. Preparation of Precursor Solution for Photocatalyst Thin
Films

The WO3 precursor solution was prepared by mixing 5 g of
ammonium tungsten oxide hydrate ((NH4)6W12O39·xH2O, Alfa
Aesar), 2.5 g of PVP (polyvinylpyrrolidone, K30, CP, Daejung) and
25 ml of distilled water in sonication bath for about 30 min to dis-
solve the solid materials completely.

To prepare the BiVO4 precursor solution, we made two kinds of
solutions at first: solution 1 was made by dissolving bismuth(III)
nitrate pentahydrate (Bi(NO3)3·5H2O, ≥98.0% ACS reagent, Sigma-
Aldrich) in acetic acid (CH3COOH, 99.9% SSG, Wako) with the
ratio of 25 mg : 1 ml; solution 2 by dissolving vanadyl acetylaceto-
nate (VO(C5H7O2)2, 98%, Aldrich) in acetylacetone (C5H8O2, 99%
EP, Daejung) with the ratio of 260 mg : 1 ml. Later, solutions 1 and
2 were mixed by sonification with the volume ratio of 20 : 1 to
prepare the BiVO4 precursor solution. The BiVO4-rGO precursor
solution was obtained by mixing the prepared BiVO4 precursor
solution and GO of desired concentration with sonication. The
GO was reduced to rGO during the calcination process to prepare
thin films.
3. Preparation of Photocatalyst Thin Films on Substrate

The photocatalyst thin films on substrate were prepared by spin

coating method. The prepared precursor solution was dropped on
the fluorine doped tin oxide (FTO) glass (1.4×1.4 cm2 in size, 2 mm
in thickness and surface resistivity of ~7Ω/sq, Aldrich) with vari-
ous spinning speeds for 45 seconds and a thin layer of precursor
solution was prepared on the FTO glass. Then, the coated FTO
glass was calcined in furnace at 450 oC for 4 hr. The thickness of
photocatalyst precursor solution was controlled by changing the
spinning speed. Heterojunction thin films of WO3/BiVO4 were fabri-
cated by coating the corresponding precursor solutions in series by
the same method. To prepare WO3/BiVO4-rGO films, the BiVO4

precursor solution containing GO was used instead of BiVO4 pre-
cursor solution and the GO was transformed to rGO by calcina-
tion. The thickness and morphology of thin films were characterized
by UHR-SEM (S-4800, Hitachi) and HRXRD (X’Pert PRO MPD,
PANalytical) were used to analyze the crystal structure. XPS (K
Alpha+, Thermo Scientific) with Al K α radiation in a vacuum
chamber (<5×10−8 mbar) was used for confirmation of reduction
of GO and thin films for XPS measurement were obtained by spin
coating with 500 rpm on the FTO glass using BiVO4 precursor solu-
tion dispersed with 10 mg/ml of GO.
4. PEC Performance Measurements of Photocatalyst Thin Films

The photocatalyst thin films prepared on FTO glass were con-
nected with copper wire and used as the working electrode. The
exposed surface area of the working electrode was controlled to be
0.5 cm×0.5 cm by using black masking tape. The counter and ref-
erence electrodes were the Pt mesh (2.5 cm×2 cm in size, Ame-
tek) and saturated calomel electrode (SCE), respectively. 0.5 M
sulfuric acid was used as electrolyte solution in 3 electrodes-photo-
cell. The modulated light was generated from Xe lamp coupled
with AM 1.5 filter or monochromator (Mmac-200, Spectro) and
was illuminated to photocell connected with potentiostat (VersaS-
TAT3, Ametek). The potentiostat was used to apply the con-
trolled bias voltage and also to record the photocurrent. The j-V
curves were plotted by measuring the photocurrent using AM 1.5
filter with different applied voltages. The incident photon to cur-
rent conversion efficiency (IPCE) for different wavelengths was
calculated for IPCE plot by the equation, IPCE(%)=(1240×photo-
current density)/(wavelength×light irradiance)×100 [26].

RESULTS AND DISCUSSION

1. SEM, XRD, XPS Results
Fig. 1 shows the SEM measurements of BiVO4 and WO3 thin

films on FTO substrate prepared with different spin coating speeds.
The thicknesses of BiVO4 thin film were 100 nm and 500 nm for
the spin speeds of 500 rpm and 250 rpm, respectively. Because of
the higher viscosity of WO3 precursor solution, the WO3 thin film
was thicker than that of BiVO4 thin film for the same spin coating
speeds (the thicknesses of WO3 thin film were 500 nm and 1μm
for 2,000 rpm and 1,000 rpm, respectively, as shown in Fig. 1(c)
and 1(d)). In addition, the WO3 thin films were composed of nano-
particles of approximately 50 nm, and the BiVO4 thin films were
composed of nanoparticles of few hundred nm. Through the SEM
images, it was confirmed that the film thickness could be con-
trolled by the change of spin coating speed. The thickness of pho-
tocatalyst thin film is one of the important factors to determine
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the PEC performance.
Fig. 2 shows the SEM images of WO3/BiVO4 heterojunction

thin film, which is composed of WO3 layer coated on FTO with
spin speed of 2,000 rpm and BiVO4 layer coated on WO3 layer with
spin speed of 250 rpm. From the cross sectional view (Fig. 2(a)),
the thicknesses of WO3 and BiVO4 layers are both about 500 nm,
while the original thickness of FTO layer is about 600 nm. Fig.
2(b) and 2(c) show the top view SEM images of BiVO4 and WO3

layers in WO3/BiVO4 heterojunction, where the whole FTO sub-
strate was first coated with WO3 layer and, later, just one-half of
WO3 layer was coated with BiVO4 layer by masking the other half
with adhesive tape (Scotch Magic Tape, 3M) during spin coating.
The top views of heterojunction thin film here also show the dif-
ferences of nanoparticle size and compactness for both WO3 and
BiVO4 layers.

The XRD patterns of BiVO4, WO3 and WO3/BiVO4 thin films
coated on FTO glass are shown in Fig. 3. The structures of mono-
clinic BiVO4 (#00-005-0363) and monoclinic WO3 (#01-075-1866)
were confirmed in Figs. 3(a) and 3(b). The characteristic peaks of
both BiVO4 and WO3 were observed in the XRD pattern of WO3/
BiVO4 heterojunction thin films in Fig. 3(c). The monoclinic sys-
tem is known as the best crystal system for PEC water splitting in
both WO3 and BiVO4 [27-29].

For the WO3/BiVO4-rGO heterojunction thin films, the GO or
rGO could not be observed by XRD measurement because of the
small amount of GO in BiVO4 layer [6]. Instead, C1s XPS mea-
surements before and after calcination were used to confirm the
reduction of GO included in BiVO4-rGO photocatalyst layer. Fig.
4 shows the C1s XPS spectra of BiVO4 thin film containing GO
before and after calcination. The binding energy to show the C-O
bonding peak of BiVO4-GO film in the range of about 286-287 eV

Fig. 1. Cross sectional SEM images (same magnifications) of BiVO4 thin films with spin coating speeds of 500 rpm (a) and 250 rpm (b) and
of WO3 thin films with spin coating speeds of 2,000 rpm (c) and 1,000 rpm (d).

Fig. 2. Cross sectional (a) and top view ((b), (c): different magnifi-
cations) SEM images of WO3/BiVO4 heterojunction thin film
with spin speeds of 2,000 rpm for WO3 and 250 rpm for
BiVO4.
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decreased after calcination, while the C-C bonding peak in 285 eV
and C(O)O bonding peak in 288 eV do not change (Fig. 4(b)). It
indicates that the oxygen in functional group of GO was vaporized
and removed selectively by calcination [25,30]. The reduction of
GO will lead to the improvement of electrical property, but, in this
study, all the functional groups were not removed by calcination,
and the remaining functional groups can have a negative effect on

photocatalytic activity. The calcination of WO3/BiVO4-GO coated
on FTO glass caused not only the crystallization of BiVO4 but also
the reduction of GO from the results of XRD and XPS.
2. PEC Performances of Photocatalyst Thin Films

Fig. 5 shows the j-V curves of BiVO4, WO3 and WO3/BiVO4

heterojunction films prepared in this study. The BiVO4 thin film
with thickness of 500 nm produced lower photocurrent density
with maximum of about 30μA/cm2, while the WO3 thin film of
1μm produced higher photocurrent density with maximum pho-
tocurrent density of 525μA/cm2 (Figs. 5(a) and 5(b)). The BiVO4

can absorb broader range of visible light than WO3 due to nar-
rower band gap [31], but the photocurrent density generated by
WO3 thin film was higher than BiVO4 thin film, because bare
BiVO4 has a higher recombination rate than WO3 [6]. The WO3/
BiVO4 heterojunction thin films can be used to obtain both advan-
tages of BiVO4 and WO3 layers. The backside illumination showed
the higher efficiency than front illumination for heterojunction thin
films, because input light can be utilized more efficiently [18]. The
PEC performance of WO3/BiVO4 heterojunction film was mea-
sured with backside illumination in this study. However, for the
thickness of 1μm WO3 layer, the photocurrent generated by the
WO3/BiVO4 heterojunction thin film was lower than by bare WO3

Fig. 3. XRD patterns of BiVO4 (a), WO3 (b) and WO3/BiVO4 (c) thin
films coated on FTO glass.

Fig. 5. j-V curves of BiVO4 film (a), WO3 film (b) and WO3/BiVO4
heterojunction films with different thicknesses ((c): 1µm
WO3+100 nm BiVO4, (d): 500 nm WO3+100 nm BiVO4).

Fig. 4. C1s XPS spectra of BiVO4 thin film containing GO before (a) and after (b) calcination.
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thin film (Fig. 5(c)), because most of the input light was absorbed
in thick WO3 bottom layer and the photogenerated electrons and
holes in thick WO3 layer disappeared by significant recombina-
tion reaction and also because the BiVO4 layer has poor transfer
property for electron holes. For the WO3 film thickness of 500 nm,
the photocurrent density of WO3/BiVO4 heterojunction thin film
was slightly higher than bare WO3 layer. Some electron-hole pairs
were photogenerated in BiVO4 layer, because some input light could
pass through the thinner WO3 layer, and they could be transferred
to reaction sites successfully in heterojunction thin film (Fig. 5(d)).

In this case, however, the improvement of PEC performance for
WO3/BiVO4 heterojunction thin film was not notable due to poor
electrical property of BiVO4. To overcome these problems, rGO
was added to the BiVO4 layer. The PEC performance of WO3/
BiVO4-rGO films with GO concentration of about 2 mg/ml in
precursor solution was compared with that of WO3/BiVO4 film in
Fig. 6. Because BiVO4 has the poor electrical conductivity and
rGO has the higher electrical conductivity, the photoelectrons gen-
erated in BiVO4-rGO layer can be transferred [6] to the WO3 layer

much faster and the WO3/BiVO4-rGO heterojunction thin film
can produce higher photocurrent density. The higher the thickness
of BiVO4-rGO layer was, the better the PEC performance was,
because of the higher absorption of light in BiVO4-rGO layer for
the range of BiVO4-rGO layer thickness in this study.

Fig. 7 shows the j-V curves of WO3/BiVO4-rGO heterojunction
films prepared with different concentrations of GO. Initially, the
photocurrent density increased with the increase of rGO concen-
tration, reached the maximum and finally decreased. The best
performance of PEC measurement in our experiments was ob-
served with the GO concentration of 2 mg/ml. At low rGO con-
centration, the enhancement of electrical conductivity by rGO was
not high enough and the photocurrent generation was low. If the
rGO concentration is too high, a significant amount of light can
be absorbed by the rGO instead of photocatalyst, and the number
of photogenerated electron-hole pairs decreases and the photocur-
rent density also decreases.

The IPCE plots for WO3, WO3/BiVO4 and WO3/BiVO4-rGO
thin films are compared in Fig. 8. The thicknesses of those thin films
were selected for the conditions to show the best performance in
this study. The PEC performance can be enhanced by the WO3/
BiVO4 heterojunction and even more by the WO3/BiVO4-rGO
heterojunction structure. The WO3 thin film showed the maximum
IPCE of about 11% at 360 nm wavelength and could not generate
the photocurrent at the wavelength higher than 470 nm. For WO3/
BiVO4 film, the maximum IPCE was similar with WO3 film, but
light of wider wavelength could be used to produce photocurrent.
On the other hand, the IPCE in WO3/BiVO4-rGO film was more
than 16% for the wavelength of at 410-440nm and showed the rela-
tively higher efficiencies for all wavelengths longer than 380nm.
This result confirmed that the WO3/BiVO4-rGO heterojunction thin
film could utilize sunlight more efficiently for wide wavelength region
and generate more photogenerated electron-hole pairs.

CONCLUSION

Precursor solutions for WO3 and BiVO4 photocatalysts were
synthesized by solution processes. The GO was prepared and was

Fig. 6. j-V curves of WO3/BiVO4 film (a) and WO3/BiVO4-rGO films
with different thicknesses of BiVO4-rGO layer ((b) 50 nm,
(c) 100 nm and (d) 500 nm). The WO3 layer thickness was
500 nm.

Fig. 8. IPCE plots (applied voltage V vs SCE=1 V) of highest PEC
performance with different films ((a) WO3 film, (b) WO3/
BiVO4 film and (c) WO3/BiVO4-rGO film) in this study.

Fig. 7. Comparison of j-V curves in WO3/BiVO4-rGO heterojunc-
tion films with different concentrations of rGO (rGO con-
centration, (a) 0, (b) 1, (c) 2, (d) 3 and (e) 4 mg/ml).
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added into the BiVO4 precursor solution. The photocatalyst thin
films of WO3 and BiVO4, WO3/BiVO4 and WO3/BiVO4-rGO on
FTO glass were prepared from precursor solutions by spin coat-
ing and calcination processes for the first time, and the PEC per-
formance of prepared photocatalyst thin films was analyzed sys-
tematically. The WO3/BiVO4 heterojunction layer with controlled
film thicknesses showed better PEC performance than the bare
WO3 or BiVO4 layer. The electrical conductivity of BiVO4 layer
was enhanced significantly by adding rGO, and the WO3/BiVO4-
rGO film showed a noticeable increase in photocurrent density,
and the optimum concentration of rGO in this study was 2 mg/
ml. The best photocurrent density of WO3/BiVO4-rGO film in
this study was about 1.1 mA/cm2 and was far better than those of
BiVO4 and WO3 single thin films, which were about 30μA/cm2

and 525μA/cm2, respectively. These photocurrent densities in this
study are not enough for practical application, but the synergistic
effect of WO3/BiVO4 heterojunction and BiVO4-rGO composite
film was confirmed for the first time. Therefore, the photocatalytic
activity of the WO3/BiVO4-rGO film is still expected to increase
more by optimizing the layer thickness and also by improving the
quality of graphene. This study suggests that the rGO combined
with some composite heterojunction films can be used to increase
the efficiency of photoanode.
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