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ABSTRACT: It is highly desired to enhance the visible-
excited charge separation of nanosized BiVO, for utilization in
photocatalysis. Here ZnO/BiVO, nanocomposites in different
molar-ratios are fabricated by simple wet-chemical processes,
after synthesis of nanosized BiVO, and ZnO by hydrothermal
methods. It is shown by means of atmosphere-controlled
steady-state surface photovoltage spectra and transient-state
surface photovoltage responses that the photogenerated
charges of resulting nanocomposite shows longer lifetime
and higher separation than that of BiVO, alone. This leads to
its superior photoactivities for water oxidation to produce O,
and for colorless pollutant degradation under visible
irradiation, with about three times enhancement. Interestingly,
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it is suggested that the prolonged lifetime and enhanced separation of photogenerated charges in the nanocomposite is attributed
to the unusual spatial transfer of visible-excited high-energy electrons, by visible radiation from BiVO, to ZnO on the basis of the
ultralow-temperature electron paramagnetic resonance measurements and the photocurrent action spectra. Moreover, it is clearly
demonstrated that the photogenerated charge separation of resulting ZnO/BiVO, nanocomposite could be further enhanced
after introducing the silicate bridges so as to improve the visible photocatalytic activity greatly, attributed to the built bridge
favorable to charge transfer. This work would provide a feasible way to enhance the solar energy utilization of visible-response

semiconductor photocatalysts.
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1. INTRODUCTION

Nowadays, because of the increasingly environmental issues
and the demand for renewable clean energy sources, semi-
conductor photocatalysis has drawn considerable attention.
Many semiconductors, such as BiVO4,2’3 Fe203,,4’5 CuZO,s’7 and
C;N,,*” which have narrow band gap and can utilize the visible
light in the solar spectrum, have been developed as photo-
catalysts. Among them, BiVO, (scheelite-monoclinic) has
attracted attention as for its stability and nontoxicity, especially
for its high activity for oxygen evolution in aqueous solutions in
visible spectral range,'® which is considered as the rate-
determining step for water splitting. However, its photocatalytic
activities for water oxidation and pollutant degradation are still
not satisfactory. This is due to its conduction band bottom level
being slightly positive to the proton reduction potential,'’ or
the adsorbed O, reduction one,'” so that the photogenerated
electrons at conduction band bottom lacks sufficient reduction
activities and thus easily recombines with the holes.">'* Up to
now, great efforts have been made to enhance the photo-
catalytic activity of BiVO, with certain-degree successes, mainly
by controlling the morphologies, such as nanotubes,"® nano-
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plates,16 nanoleaves,'” core/shell nanowire,'® nanoellipsoids,19
special auxiliary structure,”® and by doping with some elements,
such as W,?! Mo,*? and P.** However, it is seldom involved
with its low conduction band bottom issue in itself so that its
visible activity is enhanced at a limited degree.

Recently, we have demonstrated that the visible activity of
nanosized BiVO, for photocatalytic water splitting to evolve H,
in the methanol solution is enhanced after coupling a small
amount of nanocrystalline anatase TiO,, in which the enhanced
activity is attributed to the spatial transfers of visible-excited
high-energy electrons (VE-HEEs) of BiVO, to TiO,** As for
the so-called VE-HEE, its energy level is higher than that of the
proton reduction potential. It is an unusual electron transfer
process with great significance to improve the efliciency for
utilizing VE-HEEs, which is completely different from the
traditional way that the excited electrons of a semiconductor
with high-level conduction band bottom would transfer to
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Figure 1. (A) XRD patterns, (B) TEM image (SZ-BV) with a HRTEM image as the inset. The samples were named as XZ-BV, in which Z is ZnO,

BV is BiVO,, and X is the molar content percentage of ZnO and BiVO,.

another one with a low conduction band bottom level
Although the unusual electron transfer is energetically allowed,
there is a great deal of VE-HEEs produced and phenomena
similar to this were detected by Tang et al,* recently, it is
lacking of direct evidence. Noticeably, it is much meaningful to
clarify the suggested transfer process.

In general, a wide-band gap oxide, like TiO, and ZnO,
usually possesses a high-level conduction band bottom, at
which photogenerated electrons with enough energy could
effectively induce reduction reactions. Compared to TiO,, ZnO
has a similar band energy structure, and is also one of the most
attractive materials for both fundamental research and industrial
applications. However, it is much cheaper and relatively easy to
prepare controllably.>**” In this case, it is much more expected
that it is meaningful to couple BiVO, with ZnO in place of
TiO,. As it is known that, the formation of nanocomposite is
usually influenced by the lattice matching degree and it is easy
for the oxides with similar lattice parameters, to form the high-
quality “connection” situation, which is much favorable for
charge transfer. Because the lattice parameters of monoclinic
BiVO,” (a = 0.519 nm, b = 0.509 nm, ¢ = 1.17 nm) and
wurtzite ZnO* (a = 0.325 nm, ¢ = 0.521 nm) are obviously
different, it would require certain potential to improve the
“connection” degree between these two parts. Particularly,
silicate is mostly taken as one of the most effective modifiers as
adhesives.>* 72 So, it will be feasible that the silicate would be
taken as effective electron bridges for heterojunctional
nanocomposite to promote charge transfer.

On the basis of above considerations, we are fabricating
nanocrystalline ZnO-coupled BiVO,, aiming to clarify the
above suggested electron transfer processes. Herein, it is clearly
demonstrated that the resulting ZnO/BiVO, nanocomposite
will exhibits three-times higher photoactivities for water
oxidation to produce O, and for colorless pollutant degradation
in visible spectral region, compared to BiVO, alone, especially
for the constructed silicate-bridged nanocomposite. Interest-
ingly, it is confirmed for the first time that the obviously
enhanced visible activities are attributed to the unusual spatial
transfers of VE-HEEs of BiVO, to ZnO. This work will help us
to understand deeply the unusually photophysical processes
and will also provide a feasible route to enhance the solar
energy utilization of semiconductor photocatalysis.

2. EXPERIMENTAL SECTION

All substances used in this study were analytical grade and without
further purification and deionized water was used in all experiments.
2.1. Preparation of Materials. Nanosized BiVO, was prepared
through an EDTA-modified hydrothermal process in our previous
publication, and ZnO was carried out through a colloidal method.>*
The nanocomposites of ZnO-coupled BiVO, and silicate-bridged
ZnO/BiVO, were prepared by the wet chemical method. Related
detail procedures were described in the Supporting Information.

2.2. Preparation of Film Electrodes. To carry out PEC
measurements, we prepared corresponding pastes by the similar
process,> which was described in detail in the Supporting Information.

2.3. Characterization of Materials. The samples were
characterized by X-ray diffraction (XRD) with a Rigaku D/MAX-rA
diffractometer (Japan), using Cu—Ka radiation (4 = 0.15418 nm), and
an accelerating voltage of 30 kV and emission current of 20 mA were
employed. The UV—vis diffuse reflectance spectra (DRS) of the
samples were recorded with a Model Shimadzu UV-2550 spectropho-
tometer. Electron micrographs were taken on a JEOL JEM-2100
transmission electron microscope (TEM) operated at 200 kV. Raman
spectra were recorded by a Jobin Yvon HR800 micro-Raman
spectrometer with 457.9 nm laser, and the laser intensity at the
sample was kept below the threshold for any laser-induced changes in
the Raman spectra and electrical transport characteristics. The
nanocomposites powders were placed on a clean SiO,/Si substrate
for the Raman measurement.

The steady-state surface photovoltage spectroscopy instrument was
a home-built apparatus equipped with a lock-in amplifier (SR830)
synchronized with a light chopper (SR540).>® Transient-state surface
photovoltage measurement was performed with a self-assembled
device in air atmosphere at room temperature.’® The related
apparatuses and measurement methods for the steady-state surface
photovoltage spectroscopy and transient-state surface photovoltage
responses, for produced hydroxyl radical amount, and for electron
paramagnetic resonance were described in the Supporting Informa-
tion.

2.4. Photoelectrochemical (PEC) Experiments. PEC experi-
ments were performed in a glass cell using S00 W xenon lamp with an
intensity of 64 mW/ cm? after ultilizing a filter to remove the light with
wavelength shorter than 420 nm as light resource and 0.5 M NaClO,
(pH 7.0) solution as electrolyte. The as-prepared films were used as
working electrodes (0.25 cm?), illuminated from the FTO glass side
(illuminated from the sample side in the measurement for the samples
with different layers (see Figure S6 in the Supporting Information).
Platinum plate (99.9%) was used as the counter electrode, and a
saturated KCI Ag/AgCl electrode was used as the reference electrode.
High-purity N, gas was used to bubble through the electrolyte before
and during the experiments. Applied potentials were controlled by a
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Figure 2. (A) Steady-state surface photovoltage spectra and (B) transient-state surface photovoltage responses of different ZnO/BiVO,
nanocomposites in air. The inset shows the steady-state surface photovoltage spectroscopy responses in N,.
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Figure 3. (A) I-V curves with the temporal produced O, amount as the inset. (B) Photocatalytic activity for degrading liquid-phase phenol; inset
shows the fluorescence spectra. PEC performance is measured in the 0.5 M NaClO, electrolyte (pH 7.0). A three-electrode cell is used with the
testing film as the working electrode, an Ag/AgCl (saturated KCl solution) electrode as the reference, and Pt plate as the counter electrode. All

measurements are under visible irradiation.

commercial computer-controlled potentiostat (LK2006A made in
China). The PEC procedures to measure the O, amount and Nyquist
plots were described in the Supporting Information.

2.5. Photocatalytic Activity Evaluation. This is described in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Phase Composition and Structural Character-
ization. According to the XRD patterns in Figure 1A, it is
confirmed that the resulting ZnO is nanocrystalline, with the
waurtzite structure.”” One can also notice that the introduction
of a small amount of ZnO does not change the crystal phase,
which is also supported by the Raman spectra (see Figure S1A
in the Supporting Information), and crystallinity of monoclinic
BiVO,. Similarly, its optical absorption across band gap energy
on the basis of UV—vis diffuse reflectance spectra nearly keeps
unchanged (see Figure S1B in the Supporting Information). On
the basis of the TEM image of resulting nanocomposite (Figure
1B), it is seen that the spherical-like ZnO nanoparticles with
about 5 nm (see Figure S2A in the Supporting Information) are
dispersed uniformly on the surfaces of nanosized BiVO, with
about 60 nm (see Figure S2B in the Supporting Information) in
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diameter, and the intimate heterojunction is formed between
ZnO and BiVO, by means of the facet distances of 0.26 and
0.26 nm in the inset, respectively, corresponding to ZnO (002)
and BiVO, (200) facets. It is widely acceptable that the close
contacts between different constituents in the fabricated
nanocomposite are favorable for charge transfer and separation.

3.2. Photogenerated Charge Separation. The photo-
generated charge carrier properties of BiVO, and ZnO/BiVO,
nanocomposites were investigated by atmosphere-controlled
steady-state surface photovoltage spectroscopy response. As
shown in Figure S3A in the Supporting Information, there is no
signal in the absence of O,, and with higher O, concentration,
the response increases. Hence, it is deduced that the response
of BiVO, greatly depends on the O, concentration, in
accordance with our previous work.** This is attributed to
the action of adsorbed O, for capturing photogenerated
electrons. As for ZnO/BiVO,, although its steady-state surface
photovoltage spectroscopy response is proportional to O,
concentration, it is still detectable in N, (see Figure S3B in
the Supporting Information and Figure 2A inset). This is
possibly related to the charge transfer from BiVO, to ZnO. It is
clearly seen from Figure 2A, as the amount of coupled ZnO
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Figure 4. (A) Steady-state surface photovoltage spectroscopy and (B) transient-state surface photovoltage responses in air, (C) I-V curves under
visible irradiation, and (D) photocatalytic activity for degrading phenol of different silicate-bridged ZnO/BiVO, nanocomposites.

increases, the steady-state surface photovoltage spectroscopy
response becomes gradually stronger. For the SZ-BV sample, it
exhibits the strongest response. If the ZnO amount is
continuously increased, the response begins to decrease. This
is because excess ZnO is unfavorable for optical adsorption.

The above steady-state surface photovoltage spectroscopy
results are further supported by the recorded transient-state
surface photovoltage responses (Figure 2B). In particular, it is
noticed that the transient-state surface photovoltage response
of BiVO, are enhanced markedly after coupling with a proper
amount of ZnO, and the strongest response is observed for the
SZ-BV sample. It is worthy of note that the lifetime of the
photogenerated charge was also prolonged by several seconds.
This is in good agreement with the steady-state surface
photovoltage spectroscopy response. On the basis of the
obviously enhanced transient-state surface photovoltage
responses and the prolonged charge lifetime, it is confirmed
that the separation of photogenerated charge carriers of
nanosized BiVO, could be considerably improved by coupling
with a proper amount of nanocrystalline ZnO. Similar to
TiO,>* ZnO displays a weak transient-state surface photo-
voltage response under visible laser excitement, which results
from its surface states on the basis of the UV—vis diffuse
reflectance spectra (see Figure S1B in the Supporting
Information).

3.3. Visible Activities for PEC Water Oxidation and
Pollutant Degradation. The separation of photogenerated
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charge carriers of BiVO, would be greatly enhanced by
coupling with ZnO based on the steady-state surface photo-
voltage spectroscopy responses in N, and air. It is anticipated
that the resulting ZnO/BiVO, nanocomposites would exhibit
high visible photoactivity. To prove the anticipation, we first
carry out the photoelectrochemical experiments. As shown in
Figure S4A, B in the Supporting Information, the introduction
of a small amount of ZnO does not change the crystal phase,
crystallinity and optical absorption of nanosized BiVO, film,
whereas it exhibits slight effects on the dark current (see Figure
SSA in the Supporting Informatio). One can see from Figure
3A that the photocurrent density of BiVO, film is rather small
under visible irradiation, and it could be enhanced after
coupling with a proper amount of ZnO. Among the fabricated
ZnO/BiVO, nanocomposites, the SZ-BV one shows the largest
photocurrent density at the applied voltage of 0.4 V (vs RHE),
which is about three times larger than the BiVO, alone. This is
in good agreement with the decreased arc in the Nyquist plot
under visible irradiation (see Figure SSB in the Supporting
Information). Generally speaking, large photocurrent density
corresponds to high photocatalytic activity for water oxidation
to evlove O,. As expected, the amount of evolved O, on the
basis of inset in Figure 3 A is fully consistent with the
corresponding photocurrent density, and SZ-BV is the largest
amount of produced O, under visible illumination for the
ZnO/BiVO, nanocomposite.
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High-energy electrons are located at the visible light range from 400 to 530 nm.

Moreover, the enhanced visible activity is also supported by
degradation of liquid-phase phenol (Figure 3B) and gas-phase
acetaldehyde (see Figure S6 in the Supporting Information). It
is confirmed that, among the resulting nanocomposites, the SZ-
BV sample exhibits the highest visible activity for degrading
phenol and acetaldehyde. In general, hydroxyl radical (-OH) is
taken as important active species in the photocatalytic
degradation of liquid-phase pollutants, and the larger is the
produced -OH amount, the higher is the photocatalytic
activity.”® The coumarin fluorescent method, a highly sensitive
technique, is frequently used to detect -OH. In this the
introduced coumarin easily reacts with -OH to produce
luminescent 7-hydroxycoumarin at about 460 nm.”® It is
confirmed from the inset in Figure 3B that the intensity of
fluorescent signal related to the amount of produced -OH is
highly responsible for the visible activity for degrading phenol.
Therefore, it is clearly demonstrated that the visible photo-
activities of nanosized BiVO, could be enhanced greatly after
coupling with a proper amount of nanocrystalline ZnO.

3.4. Effects of Silicate Bridges. As discussed above in
introduction, it is possible and meaningful to improve the
connections between ZnO and BiVO,, which would be
beneficial for effective charge transfers in the fabricated
nanocomposite. On the basis of the XRD patterns (see Figure
S7A in the Supporting Information), diffuse reflectance spectra
(see Figure S7B in the Supporting Information) and TEM
image (see Figure S8 in the Supporting Information), it is
found that the silicate introduction does not change the crystal
phase, crystallinity, and the morphology of ZnO/BiVO,
nanocomposites. According to the FT-IR spectra (see Figure
S9A in the Supporting Information), it is confirmed that a new
peak is observed at about 1050 cm™' for the silicate-bridged
nanocomposite, resulting from the Si—O-Si mode.® 1t is
noted from panels A and B in Figure 4 that after a proper
amount of silicate is introduced as electron bridges, the steady-
state surface photovoltage spectroscopy and transient-state
surface photovoltage responses of ZnO/BiVO, nanocomposite
are greatly increased also including in N, (see Figure S9B in the
Supporting Information), indicating that the photogenerated
charge separation is considerably enhanced. As shown in Figure
S10A,B in the Supporting Information the silicate introduction
does not change the crystal phase, crystallinity and optical
absorption of ZnO/BiVO, film, whereas it exhibits slight effects

on the dark current (see Figure S11A in the Supporting
Information). Obviously, it could enhance the visible photo-
current density two times, especially for the Z-0.5Si—BV as
compared to the ZnO/BiVO, (Figure 4C). This is in good
agreement with the amounts of evloved O, in the PEC water
oxidation (see Figure S11B in the Supporting Information). In
addition, the IPCE analysis (see Figure S12 in the Supporting
Information) shows that the Z-0.5Si—BV nanocomposite
achieves 10% at 400 nm, about three times than bare BiVO,.
As expected, it is also supported by the visible photocatalytic
activities for degrading liquid-phase phenol (Figure 4D) and
gas-phase acetaldehyde (see Figure S13 in the Supporting
Information).

3.5. Discussion of Mechanisms. On the basis of analyses,
it is confirmed that the introduction of nanocrystalline ZnO
would prolong the lifetime and promote the separation of
photogenerated charges of nanosized BiVO,, leading to highly
improving visible activities for PEC water oxidation to produce
O, and degradation of colorless pollutant. What results in the
enhancement of charge separation? It is assumed that the
charge separation enhancement is attributed to the transfers of
VE-HEEs of BiVO, to ZnO in the fabricated nanocomposite.
To clarify the assumption, we have carried out the measure-
ments of electron-spin resonance at the ultralow-temperature
(1.8 k) of the representative SZ-BV nanocomposite. As shown
in Figure SA, that both of the two samples in dark show the
same peaks, resulting from BiVO,, while the characteristic peak
of Zn" in ZnO at g = 1.963 is not detected from Figure 5 A
inset.>” After it is irradiated by the visible laser of 532 nm for 15
min, a new electron paramagnetic resonance peak at g = 1.963
appears. Thus, it is evidently demonstrated by the so produced
Zn", that the spatial transfers of VE-HEEs from BiVO, to ZnO
take place in the nanocomposite because ZnO could not be
excited. In fact, it is difficult to catch the significant electron
paramagnetic resonance signal of Zn* in SZ-BV because no
change is observed for electron paramagnetic resonance signals
before and after visible laser excitation at room temperature,
even at liquid-N, temperature. To further support the VE-HEE
transfers in space, we have designed a PEC experiments. The
I-V curves of the fabricated BiVO,/ZnO/FTO film, irradiated
from the BiVO, side, are performed (see Figure S14 in the
Supporting Information). It is found that the presence of thin
ZnO layer between FTO and BiVO, enhances the photo-
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ACS Applied Materials & Interfaces

Research Article

30.0k1 A "
BV L]
25.0k 7-BV .
fé\Z0.0k- Z-1Si-BV
= N
S 15.0k . e on
< (] s "
N 10.0k4 AL A A
5_0k—/a.".
0.0+

00 50k 100k 150k 20.0k 250k 30.0k

Z! (ohm)

28
B
400
24 ¢05)
204 450

Z-BV
BV

dark 600 575 550 540 530

4

0 ' 150 ' 2410 360 ' 4é0 ' 6(l)0 ' 720

Current density / (pA/cmz)
oY

Time /s

Figure 6. (A) Electrochemical impedance spectroscopy Nyquist plots under visible irradiation, and (B) normalized photocurrent action spectra vs
visible excitation wavelength at 0.4 V bias vs Ag/AgCl. The photocurrents under excitation with wavelength of 400 nm were shown as the half of the

original data.

current density of BiVO, under visible irradiation. This is
attributed to the charge transfer from BiVO, to ZnO so as to
promote the visible-excited charge separation of BiVO,.

On the basis of above results, a mechanism schematic is
emerged as Figure 5B. Thus, it is clear that, when BiVO, is
excitated under visible illumination, lots of VE-HEEs (from 530
to 400 nm) would be generated. Actually, these high-energy
electrons are active for inducing reduction reactions. If there is
BiVO, alone, the VE-HEEs would quickly relax to its
conduction band bottom level so as to greatly decrease the
reaction activity. On the other side, if ZnO is coupled, the VE-
HEEs would thermodynamically transfer to ZnO so as to still
maintain the relatively high energy level. This would be much
favorable to prolong the lifetime, to promote the separation,
and to induce oxidation/reduction reactions of visible-excited
charges. To further prove the suggested mechanism, we also
fabricate the SZ-BV nanocomposite by mixing mechanically. As
expected, the mechanically fabricated nanocomposite displays
slightly low steady-state surface photovoltage spectroscopy
response (see Figure SISA in the Supporting Information) and
small photocurrent density (see Figure S15B in the Supporting
Information), compared to BiVO, alone. This is attributed to
the weak contacts between ZnO and BiVO,. In addition, it is
demonstrated that the small nanoparticle size for ZnO is much
more beneficial for charge transfers of fabricated ZnO/BiVO,
nanocomposite (see Figure S16 in the Supporting Informa-
tion). This is also related to the constituent-contacted situation
since the ZnO nanosize does not influence the optical
absorption. Therefore, it is understandable that the fabricated
ZnO/BiVO, nanocomposite would exhibit much higher
photocatalytic activities than BiVO, alone, and the constitu-
ent-contacted situation is crucial for effective charge transfer
and separation in the fabricated nanocomposite.

As mentioned above, the introducing of silicate is beneficial
to improve the photocatalytic performance of ZnO/BiVO,. It is
mainly attributed to the introduced silicate, which is favorable
for charge transfer and clarified by the decreased Nyquist arc
radius under visible irradiation (Figure 6A). It is noticed from
the photocurrent action spectra as a function of visible
wavelength at the applied voltage of 0.4 V (Figure 6B) that
the normalized photocurrent gradually increases with decreas-
ing the irradiation wavelength, closely related to the increased
energy levels of excited electrons. In particular, the SZ-BV and
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Z-0.5Si-BV nanocomposites show an obvious enhancement of
photocurrent density below 530 nm compared with the BiVO,,
alone. This is because the photogenerated electrons below 530
nm are allowed energetically to transfer to ZnO in space. To
further illustrate the effects of introduced silicate, we showed
the blank experiments of silicate/BiVO, composite in Figure
S17A, B in the Supporting Information. On the basis of the
surface photovoltage spectroscopy responses and the observed
photocurrent densities, it is clearly confirmed that it is
unfavorable for BiVO, to introduce the silicate. Hence, it is
believable that the introduced silicate would act as a electronic
bridge for charge transfer from BiVO, to ZnO under visible
irradiation.

4. CONCLUSIONS

On the basis of the systematical investigation, the following
conclusions could be drawn: (i) Different ZnO/BiVO,
nanocomposites are successfully fabricated by a simple wet-
chemical process. (ii) The lifetime and the separation of
photogenerated charge carriers of nanosized BiVO, could be
greatly increased after coupling with a proper amount of
nanocrystalline ZnO, attributed to the unusual spatial transfers
of visible-excited high-energy electrons from BiVO, to ZnO.
(iii) Interestingly, the resulting ZnO/BiVO, nanocomposite
could exhibit much higher visible activities for PEC water
oxidation to produce O, and for colorless pollutant degradation
than BiVO, alone. (iv) The silicate bridge would be favorable
to improve the effective connections between different
constituents, so as to promote charge transfer and separation
in the resulting ZnO/BiVO, nanocomposite, leading to the
improved photoactivities. Obviously, this work would provide a
feasible way to enhance the solar energy utilization of visible-
response semiconductor photocatalysts.
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responses and I-V curves; Figure S16, XRD patterns, UV—vis
diffuse reflectance spectra steady-state surface photovoltage
spectroscopy responses, and I—V curves; Figure S17, steady-
state surface photovoltage spectroscopy responses and I-V
curves. This material is available free of charge via the Internet

at http://pubs.acs.org.
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