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O4 inverse opal for efficient visible
light driven water oxidation

Xiaonong Wang, *ab Xiaoxia Li*ab and Jingxiang Low c

Photocatalytic water splitting provides an effective way to prepare hydrogen and oxygen. However, the

weak light utilization and sluggish kinetics in the oxygen evolution reaction (OER) process substantially

retard the photocatalytic efficiency. In this context, modification of the semiconductors to overcome

these limits has been the effective strategy for obtaining highly-efficient photocatalytic water oxidation.

Here, plasmonic Au has been loaded onto BiVO4 inverse opal (IO) for photocatalytic water oxidation. It is

discovered that the IO structure provides higher specific surface area and favors light absorption on

BiVO4. In the meantime, the plasmonic Au can simultaneously enhance the light-utilization capability

and photogenerated charge carrier utilization ability of the BiVO4 IO. As a result, a high photocurrent

density and long photogenerated charge carrier lifetime can be achieved on the optimized Au–BiVO4 IO,

thereby obtaining a superior photocatalytic activity with an oxygen production rate of 9.56 mmol g�1 h�1.
1 Introduction

Over the past century, the development and utilization of solar
energy has been one hot topic for tackling the increasingly
serious environmental and energy problems due to our
dependency on the traditional coal fuel for power generation
and supply.1–4 In this regard, solar-driven water splitting, which
could directly convert and store the incident solar energy into
valuable hydrogen and oxygen, has been one of the star–catalytic
reactions toward realizing sustainable and green development of
human society.3,5,6 Therefore, in the past several decades, various
semiconductors, such as TiO2 andWO3, have been investigated for
the photocatalysis.7–9However, their wide bandgap, rapid electron–
hole pair recombination and sluggish kinetics in oxygen evolution
reaction have substantially retarded the solar conversion efficiency
of such a fascinating technology.

Under this circumstance, water oxidation kinetics of the
photocatalysts should be optimized and facilitated, accompa-
nying with enhanced light absorption and efficient charge
separation to reach highly-efficient photocatalytic water split-
ting. Recently, BiVO4, a small bandgap (2.4 eV vs. reversible
hydrogen electrode (RHE)) semiconductor with high oxidation
ability, has been known as one of potential oxidative
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semiconductor for the photocatalytic water splitting.10–12 Apart
from that, its low cost, high chemical stability and environ-
mental friendliness characteristics have allowed it to be feasible
in future large-scale application of photocatalytic water split-
ting. However, most of the recently reported BiVO4 owns low
photocurrent densities mainly due to the electrons and holes
rapid recombination in the bulk or on the surface and weak
light utilization capability, which restricts their wide applica-
tion in photocatalytic water splitting.13–16 With these limitations
in mind, many effective approaches have been explored, such as
morphology control (nano dots, nano leaves),17,18 crystal-surface
engineering19 and homo/heterojunction constructing (type II
and S scheme heterojunction).8,9,14–16

Fabrication of the BiVO4 into various morphology with the
specic functions has been a simple yet effective strategy for
enhancing its physicochemical, especially optical properties.20

For example, Chen et al. reported that the BiVO4 nanoarray
structure can endow the BiVO4 with enormous surface active
site and enhanced light absorption capability, thereby
improving its photocatalytic performance.21 In addition, Ozbay
et al. introduced the deposition of Au on BiVO4 nanoarray for
enhanced light absorption and high photocurrent generation
through the injection of sub-band-gap hot electrons.22 Recently,
the inverse opal structure has emerged as a unique morphology
for BiVO4 because it can provide a wide variety of porous
structure for the catalytic reaction and allow the multi-
scattering of light within its structure for enhancing the light
utilization capability of the BiVO4.23,24 Apart from the enhanced
light utilization capability, the photogenerated charge carrier
separation is another critical issues awaiting to be resolved.
Constructing heterostructures by combining noblemetal crystal
with semiconductor can be a potential answer for this problem,
RSC Adv., 2021, 11, 8751–8758 | 8751
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due to their higher work function than most of the semi-
conductors for accepting photogenerated electrons from semi-
conductors and thus enhancing the photogenerated charge
carrier separation efficiency.25–29 In addition, plasmonic noble
metals, such as Ag and Au, possess unique surface plasmon
resonance (SPR) properties, allowing them to simultaneously
facilitate the photogenerated charge carrier separation effi-
ciency and provide SPR-induced “hot electron” for the photo-
catalytic reaction.28,30–32 The surface plasmon may improve the
photocatalytic activities via local electromagnetic eld
enhancement and resonant energy transfer (RET) mecha-
nisms.33 Due to the strong local eld enhancement, the optical
absorption can be adjusted and the spatial distribution of
photogenerated electron–hole pairs in semiconductors could be
modulated.34 And the metal nanoparticle could also serve as the
light capture center, enhancing the photo-electric conversion
efficiency. More interestingly, RET process could enhance
carrier creation and separation at the energies both above and
below the bandgap by surface plasmon dipoles relaxation.33 By
tuning the plasmonic resonant frequency of Au consistent with
BiVO4, the Au surface plasmon resonant energy could directly
excite the electrons–holes separation through the near-eld
electromagnetic interaction. In this work, we report plasmonic
Au loaded on BiVO4 inverse opals (Au–BiVO4 IO) for the pho-
tocatalytic water oxidation. Generally, Au–BiVO4 IO was
prepared by a template-assisted self-assemble method, followed
by electron-beam evaporation. Then, the photocatalytic water
oxidation of the Au–BiVO4 IO was studied via a photo-
electrochemical system under visible light irradiation.
Beneting from the unique features of the IO structure and
plasmonic Au, the photocatalytic water oxidation performance
of the Au–BiVO4 IO was higher than that of the BiVO4 IO. Apart
from that, the photocatalytic enhancement mechanism of the
plasmonic Au/BiVO4 IO photocatalyst was proposed and dis-
cussed. Such a facile template assisted self-assembly strategy
combined with micro-nano fabrication methods for prepara-
tion of advanced photocatalyst can shed some light in devel-
opment of highly efficient visible-light-driven photocatalyst for
energy and environmental applications.

2 Experiment procedure
2.1 Chemicals

100 nm, 200 nm and 500 nm monodispersed polystyrene (PS)
nanosphere suspensions (2.5 wt% in water, surfactant free)
were obtained from Geese (Tianjin) Technology Co., Ltd.
Bi(NO3)3$5H2O. NH4VO3, ammonia, nitric acid, hydrogen
peroxide, ethanol, acetone and microscopic glass slides were
purchased from Sinopharm Chemical Reagent Co., Ltd. The
water used in the experiments was deionized. All chemicals
were used as received without further purication.

2.1.1 Preparation of BiVO4 sol.. 0.05 mol Bi(NO3)3$5H2O
was added into 50 ml 4 M nitric acid and marked as solution A.
Then, 0.03 mol NH4VO3 were added into 50 ml 4 M ammonia and
marked as solution B. Subsequently, solution B was dropwise
added into the solution A, gradually forming a yellow sol. Finally,
the mixture was stirred at 70 �C for 5 h, obtaining BiVO4 sol.
8752 | RSC Adv., 2021, 11, 8751–8758
2.1.2 Preparation of BiVO4 IO. The glass substrates were
ultrasonicated in ethanol, acetone and DI water, and boiled in
a solution containing hydrogen peroxide and DI water (3 : 7) for
1 h. Then, these glass substrates were washed with DI water for
later use. The monodispersed PS nanosphere suspension was
diluted by ethanol (1 : 2 in volume), and ultrasonicated for ne
dispersion. The above-treated glass substrates were inserted
into the above-prepared BiVO4 sol, and the PS spheres
suspension dropped on the substrate and owed into the sol–
air interface followed by their self-assembly. Finally, BiVO4 IO
can be obtained by annealing at 450 �C in air to remove the
spheres.

2.1.3 Preparation of Au nano crystal decorated BiVO4 IO.
The plasmonic Au nanoparticles were loaded onto the BiVO4 IO via
the e-beam evaporation system (Shenyang Scientic Instruments,
China, DZS-500). The thickness was set to 4 nm and the evapora-
tion rate was maintained at 0.01 nm s�1 under the pressure of
about 10�4 mbar. Finally, the Au–BiVO4 IO can be obtained.
2.2 Characterization

Scanning electron microscopy (SEM) images and energy-
dispersive X-ray spectra (EDS) were taken on a FEI Sirion 200
eld-emission scanning electron microscope operated at 5 KV
equipped with EDS system (Oxford Instruments). X-ray powder
diffraction (XRD) patterns were recorded on a Philips X'Pert Pro
Super diffractometer with Cu Ka radiation (l ¼ 1.54178 Å). UV-
vis diffuse reectance data were recorded in the spectral region
of 300–1200 nm with a Shimadzu SolidSpec-3700 spectropho-
tometer. Nitrogen sorption studies were performed in a Micro-
meritics ASAP 2020 adsorption apparatus at 77 K (for N2

sorption) up to 1 bar.
2.3 Photoelectrochemical characterizations

The measurements were carried out on a CHI 660D electro-
chemical station (Shanghai Chenhua, China) under irradiation
of a 300 W Xe lamp (Solaredge 700, China). Visible light (with
cut 400 lter) was used as illumination source, with the inten-
sity of 100 mW cm�2. Standard three-electrode setup was used
with the fabricated samples as photoelectrode, a Pt foil as
counter electrode, and a Ag/AgCl electrode as reference elec-
trode lled in 0.5 M Na2SO4 electrolyte. The photocurrent
responses of the prepared photoelectrodes (i.e., I–t) were oper-
ated by measuring the photocurrent densities under chopped
light irradiation (light on/off cycles: 10 s) at a bias potential of
0.7 V vs. Ag/AgCl for 200 s. The transient open-circuit voltage

decay
�
OCVD;

dVoc

dt

�
measurements were taken for 400 s in all,

and the light on and off were controlled at 50 s and 200 s from
the start, respectively. The average lifetime of the photo-
generated carriers (sn) were obtained from the OCVD according
to eqn (1):

sn ¼ �kBT

q

�
dVoc

dt

��1
(1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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where kB is the Boltzmann constant, Voc is the transient open-
circuit voltage, T is the temperature (in Kelvin), and q is the
unsigned charge of an electron.33

2.4 Photocatalytic water splitting measurements

The photocatalytic H2O oxidation was measured by a self-made
photocatalytic quartz tube. 1.2 g Na2S2O8 dissolved in 15 ml
distilled H2O was used as electron sacricial agent, and 3 cm2 Au/
BiVO4 IO samples with different periods were put in water, followed
by Ar pouring 20min to remove oxygen. The light source and power
intensity were the same as those for photocurrent measurements.
The photocatalytic reaction was typically performed for 4 h. The
amount of O2 evolved was measured by gas chromatography (GC,
7890A, thermal conductivity detector, TCD, Ar carrier, Agilent).
Fig. 1 (a) Schematic illustration for the preparation procedure for Au
assembled on the interface of BiVO4 sol and air; step 2, transference of h
step 3, the BiVO4 IO prepared by annealing process; step 4, Au nano cry
packed PS spheres (size 100 nm, 200 nm and 500 nm, separately); the SE
separately); the SEM of (d, h and l) dense Au crystal decorated BiVO4 IO (p
of dense Au crystal decorated BiVO4 IO (period about 100 nm, Au size ab
BiVO4, confirming the monoclinic scheelite BiVO4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1 Characterization of the photocatalyst

The Au–BiVO4 IO was rst prepared through template-assisted
self-assemble method, followed by electron-beam evaporation
and the detailed procedures are illustrated in Fig. 1a. Briey, PS
spheres were self-assembled on the interface of BiVO4 sol and
air to form the dense packed monolayer (step 1). With the
capillary force, the BiVO4 sol adsorbed at the bottom of the
dense packed monolayer and transferred to the ITO glass (step
2). Followed by annealing process, PS spheres were removed
leaving the BiVO4 IO (step 3). By electron-beam evaporation
methods, Au nanoparticles can be loaded onto the BiVO4 IO,
forming the tight connect between them (step 4).
nanocrystal decorated BiVO4 IO: step 1, monolayer PS spheres self-
exagon packed PS spheres with the BiVO4 sol at bottom to ITO glass;
stal evaporation on BiVO4 IO; the SEM of (b, f and g) single layer dense
M of (c, g and k) BiVO4 IO (period about 100 nm, 200 nm and 500 nm,
eriod about 100 nm, 200 nm and 500 nm, separately); (e) high fold SEM
out 10 nm); (i) the EDS spectrum of Au–BiVO4; (m) the XRD patterns of

RSC Adv., 2021, 11, 8751–8758 | 8753
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Then, the morphologies and microstructures of as-
constructed monolayer PS spheres (100 nm), BiVO4 IO and Au
crystal decorated BiVO4 IO were identied through SEM, and
the results are exhibited in Fig. 1b–e. As shown in Fig. 1b and c,
the single layer PS spheres are dense packed in hexagonal
structure and the BiVO4 nano bowl array inherited the hexag-
onal structure aer removing PS spheres, showing the periodic
array. In addition, aer introduction of the electron-beam
evaporation, the Au nanoparticles with the size of ca. 10 nm
were found to be densely distributed on the BiVO4 nano bowl
array (see Fig. 1d and e). According to previous studies, such
densely packed Au nanoparticles can be benecial to induce
electromagnetic eld for enhancing the visible light utilization
of the photocatalytic system. To further conrm the distribution
of the Au nanoparticles on the BiVO4, the EDS characterization
was performed. As shown in Fig. 1i, the Au, Bi, V and O elements
were homogenously distributed on the samples, conrming the
uniform existence of these elements on the prepared samples.
Furthermore, the SEM images of reference samples, including
200 nm and 500 nm monolayer PS spheres and the corre-
sponding BiVO4 nano array, were shown in Fig. 1f–l, suggesting
that they own similar structure to the Au–BiVO4 IO. Moreover,
the XRD patterns in Fig. 1m conrms the monoclinic scheelite
BiVO4, consistent with PDF card 83-1697.

It is well-known that the large porous structure can
substantially contribute to the enlarged specic surface area
and enhanced catalytic sites. In this regard, we evaluate the
physical properties of our prepared BiVO4 IO with different
porous sizes of 100, 200 and 500 nm through N2 adsorption–
Fig. 2 N2 adsorption–desorption isotherms of BiVO4 IO with period of

8754 | RSC Adv., 2021, 11, 8751–8758
desorption isotherm, and the results are shown in Fig. 2a–c.
Generally, the specic surface area of the 100 nm, 200 nm and
500 nm BiVO4 inverse opal (on ITO substrate) was 2.05 m2 g�1,
1.263 m2 g�1 and 0.736 m2 g�1, separately. By excluding the
inuence of the ITO glass substrate which owns a specic
surface area of 12.6 cm2 g�1, the actual specic surface area for
BiVO4 inverse opal (100 nm) can be calculated to be 1627 cm�2

cm�2 by specic surface area of BiVO4 inverse opal divided that
for ITO glass. Accordingly, the specic surface area for BiVO4

inverse opal with the porous sizes of 200 nm and 500 nm can be
conrmed to be 1000.3 cm�2 cm�2 and 584 cm�2 cm�2,
respectively. Clearly, the BiVO4 IO demonstrates a very high
specic surface area due to its porous structure, which can
provide more active sites and effectively enhance the contact of
the catalysts with reactants.

3.2 Photoelectrochemical measurements

The photocatalytic water splitting performance of the prepared
samples was determined through a PEC system. Prior to the
test, the optical properties of the prepared samples were
studied. As shown in Fig. 3a, compared with BiVO4 lm,
absorption band of BiVO4 IO exhibited a red shi, suggesting its
improved light utilization capability, which was mainly attrib-
uted to the slow light effect caused by IO photonic bandgap.35,36

Notably, the pure BiVO4 IO owns noticeable absorption at
600 nm, enhancing the light scattering within its IO structure,
which was benecial for enhancing the light utilization of the
photocatalytic system. Aer introduction of Au nanoparticles,
two wide absorbance enhancement can be observed at ca. 500
(a) 100 nm, (b) 200 nm and (c) 500 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Visible light absorption spectra of (a) BiVO4 film, BiVO4 IO and (b) BiVO4 IO, Au–BiVO4 IO; (c) I–t curve of three different BiVO4 IO (period
100 nm, 200 nm and 500 nm, applied potential 0.7 V vs. Ag/AgCl, light on 10 s, light off 10 s); (d) I–t curve of BiVO4 IO and Au/BiVO4 IO (period
100 nm, applied potential 0.7 V vs. Ag/AgCl, light on 10 s, light off 10 s); (e) I–t curve of BiVO4 IO and Au/BiVO4 IO (period 200 nm, applied
potential 0.7 V vs. Ag/AgCl, light on 10 s, light off 10 s); (f) I–t curve of BiVO4 IO and Au/BiVO4 IO (period 500 nm, applied potential 0.7 V vs. Ag/
AgCl, light on 10 s, light off 10 s); (g) I–V curve of BiVO4 IO (period 100 nm, 200 nm and 500 nm, light on 10 s, light off 10 s); (h) I–V curve of Au–
BiVO4 IO (period 100 nm, 200 nm and 500 nm, light on 10 s, light off 10 s).
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and 650 nm, as shown in Fig. 3b. The absorption enhancement at
this frequency band should be attributed to the intrinsic absorp-
tion of Au nanocrystal and plasmon resonance absorption of dense
Au nanoparticles. Furthermore, there is an overlap in the second
plasmonic peak of Au nanoparticles with the enhanced light
absorption of the IO structure of BiVO4. Such an overlap can
© 2021 The Author(s). Published by the Royal Society of Chemistry
enhance the light utilization ability of the Au nanoparticles, and
thus further boosting the function of SPR effect on the BiVO4.

To reach the efficient photocatalyst for water splitting, its
photocurrent density should be always optimized. In this sense,
we determined the photocurrent density–time (I–t) curve for the
different samples through a three-electrode electrochemical
RSC Adv., 2021, 11, 8751–8758 | 8755
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Fig. 4 (a) OCVD curve and (b) average lifetimes of the photogenerated carriers (sn) obtained from the OCVD for Au nanocrystal decorated BiVO4

IO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 4
:4

8:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
system at an applied bias voltage of 0.7 V vs. Ag/AgCl. Generally,
the nanoarray structure can realize multiple reection and
scattering of incident light, thereby enhancing the light utili-
zation capability of the photocatalyst toward improved photo-
current density. Therefore, as shown in Fig. 3c, the proper tuned
BiVO4 IO (100 nm) exhibited the highest photocurrent density
among all the prepared sample, because the moderate porous
structure is benecial for making full use of large specic
surface area and unique light-scattering capability. More
importantly, such a superior photocurrent density performance
of the BiVO4 IO can be further improved by introduction of the
Au nanoparticles. As shown in Fig. 3d, the photocurrent density
of Au–BiVO4 IO (100 nm) was ca. 3 times enhanced in
comparison with that of BiVO4 IO. This result is because the
SPR effect of Au nanoparticles can induce a built-in electric eld
at its contact interface with the BiVO4, which can facilitate the
photogenerated charge carrier migration, and thus further
improve the photocurrent generation on the Au–BiVO4. Apart from
that, as shown in Fig. 3d–f, the photocurrent density of Au–BiVO4

IO (100 nm) was also higher than that of Au–BiVO4 IO (200 nm)
and Au–BiVO4 IO (500 nm), suggesting that the moderate porous
structure can have the highest interaction with the plasmonic
effect of Au. In addition, we perform the photocurrent–potential (I–
V) curves for the above six samples and the results are shown in
Fig. 3g and h. Generally, the photocurrent density gradually
increases with the increase in applied bias potential, suggesting
the high stability of the Au–BiVO4.
Fig. 5 (a) O2 production with the six samples as photocatalysts by visibl
sacrificial agent); (b) mechanism on the Au/BiVO4 IO for photocatalytic

8756 | RSC Adv., 2021, 11, 8751–8758
The average charge carrier lifetimes play a dominant role in
determining the photocatalytic performance of a material. To further
evaluate the inuence of enlarged specic surface area and improved
light absorption capability on photocatalytic performance of the Au–
BiVO4 IO, we carried out the transient open-circuit voltage decay
(OCVD) measurements (Fig. 4a) and calculated the corresponding
average carrier lifetimes for the three composite samples (Fig. 4b).
Similar to the above results, as shown inFig. 4b, theAu–BiVO4 IO (100
nm) demonstrated the longest photogenerated charge carrier life-
time, further conrming that the unique porous structure of inverse
opal and plasmonic effect of Au nanoparticles can synergistically
enhance the photoconversion efficiency of the Au–BiVO4 IO (100 nm).
3.3 Photocatalytic water oxidation

Aer studying the physicochemical and light-responsive prop-
erties of the prepared samples, we are in a position to utilize the
prepared samples for photocatalytic water splitting. The resul-
tant oxygen production performances of the various prepared
samples are shown in Fig. 5a. As expected, the Au–BiVO4 IO (100
nm) exhibited the highest oxygen production rate among all the
prepared samples. Such a superior performance of the Au–
BiVO4 IO (100 nm) is mainly attributed the synergistic effect of
the inverse opal structure and the plasmonic effect of Au. In
detail, the inverse opal structure can endow the photocatalyst
with large specic area and provide enormous surface active
sites for the catalytic reaction. In addition, the plasmonic Au can
e light illumination (light intensity 100 mW cm�2, Na2S2O8 as electron
water oxidation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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induce an electric eld around the BiVO4 and thus facilitate the
photogenerated charge carrier separation efficiency. Most of all, the
light-scattering effect of inverse opal structure can guarantee the
optimized light utilization of Au, thereby intensifying the SPR effect
of Au on enhancing the photocatalytic performance of BiVO4. As
a result, the oxygen evolution rate of the Au–BiVO4 IO (100 nm)
reached 9.56 mmol cm�2 h�1 through photocatalytic water splitting,
which is about 3 times of the pure BiVO4 IO (100 nm).

Based on the above results and discussion, the mechanism
for the enhanced photocatalytic water splitting performance of
the Au–BiVO4 can be illustrated and shown in Fig. 5b. Generally,
the prepared BiVO4 IO owns a porous structure on its surface,
which can endow it with large specic surface area and enor-
mous surface active site. In addition, the loading of Au nano-
particles can introduce the SPR effect on the BiVO4 and induce
an electric eld at its interface with the BiVO4 for accelerating
the photogenerated charge carrier migration. More importantly,
the incorporation of inverse opal structure and plasmonic Au nano-
particles can stimulate a synergistic effect, where the multi-scattering
of light within the inverse opal structure can guarantee the optimized
light absorption of the Au nanoparticles. Therefore, the SPR effect of
the Au nanoparticles can be boosted. For the detailed mechanism of
the photocatalytic water splitting on Au–BiVO4, under light irradia-
tion, the photogenerated electrons on the BiVO4 can migrate to the
Au nanoparticles due to the formation of Schottky barrier attributed
to the lower work function of Au. Then, the photogenerated electrons
can further migrate to the surface of Au for S2O8

2� reduction, leaving
the photogenerated holes on BiVO4 for water oxidation. The Schottky
junction at the interface would prohibit the electron–holes recombi-
nation and promote charge transfer.

4 Conclusion

In summary, a series of BiVO4 IO and Au decorated BiVO4 IO
were successfully constructed using the colloidal crystal
template and electron beam evaporation methods. The SEM
and BET results show the BiVO4 IO with high surface area, and
Au nanocrystal was in tight contact with the BiVO4. The pho-
toelectrochemical results indicated that Au–BiVO4 IO exhibited
optimum photocatalytic activity under visible light irradiation,
about 3 times higher than those of BiVO4. And the excellent
water oxidation activity with oxygen of 9.56 mmol cm�2 h�1 was
achieved. The superior photocatalytic activity of Au–BiVO4 IO
can be mainly ascribed to synergetic effect of Schottky junction
and RET process, leading to the effective separation the photo-
generated electrons and holes for catalytic reaction. Conse-
quently, this work would provide a useful technique for water
oxidation under visible light irradiation.
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