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Surfactant-free hydrothermal fabrication of
monoclinic BiVO,4 photocatalyst with oxygen
vacancies by copper doping

Dezhi Li, Wenzhong Wang*, Dong Jiang, Yali Zheng, Xiaoman Li

Poor electron transport leads to high recombination of photogenerated charge carriers for
photocatalysts which limits the photocatalytic performance. In order to improve charge transport
properties, Cu doped BiVO,(Cu-BiVO,) was prepared by a facile hydrothermal method. The doped
material provided a maximal photocurrent 10 pA/cm?® at +0.4 V vs SCE, which were 5 times higher than
the undoped one. The result implied much improvement for separation of the carriers for Cu-BivVO,,
which attributed to suitable amount of oxygen vacancies as positive charge centers caused by doping.
Oxygen vacancies trapped photogenerated electrons thus inhibited electrons-holes recombination.
Photocatalytic degradation of rhodamine B (RhB) was used to evaluate the photoactivity of the
materials. The results showed that the photocatalytic properties of the doped materials were obviously
higher than undoped BiVO,. The photocatalytic reaction mechanism is also discussed in this article, and

the superoxide radical was confirmed to be the main active species for the photocatalytic degradation

process.

1 Introduction

Because of the high rate of solar energy utilization,
photocatalyst with narrow band gap (1.8-2.8 eV) is an
important research region up to now. BiVVO, is usually used as a
pigment, but recently it has received great attention as potential
candidate for highly active visible photocatalysts for the
degradation of organic compounds and water oxidation.
BiVO, has three crystal phases, monoclinic BiVO, (m-BiVO,)
is the best one for photocatalysis with a band gap of 2.4-2.5 eV
due to the transition from a valence band formed by Bi 6s or a
hybrid orbital of Bi 6s and O 2p to a conduction band of V 3d.
However, the poor transport rate of photogenerated electron
and high recombination of photoinduced electron—hole pairs
limit its application, which is attributed to the crystal structure
of BiVOy,. The crystal structure of monoclinic BiVO, is
displayed in Fig. 1, which is consists of non-interconnecting
VO, tetrahedra. The conduction band of BiVO, mainly consists
of V 3d orbitals, consequently, the photogenerated electrons
have to hop between the VO, tetrahedrons.* In order to improve
the charge transport properties and reduce the surface
recombination of the photogenerated carriers in BiVO,, great
efforts have been made by doping,® heterojunction structure
formation,®® cocatalysts loading,’** and nanostructures
constructing.®®7 Introduction of defects in the material by
doping is a common method to change the band structure of
semiconductor and bring in active sites on photocatalysts.
Doping could shift semiconductor conduction band and valence
energy level or form a new impurity level. This will change
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material surface electronic state directly, facilitate the electron-
hole separation in some way,*® and make them different in
crystalline structure and morphology.*® All of these will change
their photocatalytic performance significantly. Oxygen
vacancies are important active sites in catalytic reaction.?*2® In
the process of photocatalysis, trapping either electron or hole

Fig. 1 The crystal structure of monoclinic BiVO,.
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alone is ineffective for photodegradation, because immobilized
charge species recombine with mobile counterpart quickly.
Trapped charges should deliver to reaction species timely.
Oxygen vacancies combine the two processes very well. Their
functions are mainly reflected in two aspects: they trap
photogenerated electrons effectively as positive charge centers,
adsorption and activation reaction species.?*
Herein, we succeeded in introducing oxygen vacancies into
BiVO, by doping Cu?" (Cu-BiVO,). Substitution of V°* by
Cu?" with lower valence state could lead to extrinsic oxygen
vacancies by charge compensation. It may be described by
defect reactions written as:

2CU0—¥% 5 2Cu,, +3V, +20,
The relationship between oxygen vacancies and photocatalytic
performance of Cu-BiVO, has been investigated. Inhibition of
electron-hole recombination and improvement transport rate of
photogenerated charges which are expected to play a positive
role in enhancing the photocatalytic activity. Photocatalytic
reaction mechanism was studied, and the superoxide radical
was confirmed to play a major role in photodegradation of RhB
by Cu-BiVO,.

2 Experimental

2.1 Preparation of Cu-BiVO, photocatalysts and their film
electrodes

All reagents used in this work were analytical purity and used
as received without further purification. Cu-BiVO,
photocatalysts were prepared by a hydrothermal method. 2
mmol bismuth nitrate hexahydrate (Bi(NO3);*5H,0) and a
certain amount of Cu(NOj),*3H,0, ammonium vanadate
(NH4VO3) were dissolved in 10 mL of 2 M nitric acid,
respectively. Then the above solutions were mixed together to
form a stable homogeneous solution. The molar ratios of Cu to
BiVO, were set as 0, 0.5%, 1.0%, 2.5%, respectively, and the
corresponding products were named as Cu-0, Cu-0.5, Cu-1 and
Cu-2.5. The pH values of the resulting solutions were adjusted
to 8.0 with ammonia solution under constant stirring to form
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slurry. After being stirred for 1 h at room temperature, the
slurry (about 23 mL) in the beaker was transferred to a Teflon-
lined stainless steel autoclave with a capacity of 50 mL. The
final capacity of slurry was adjusted to about 40 mL with
deionized water and heated at 453 K for 12 h. After the
autoclave was cooled to room temperature, yellow slurry was
obtained. The precipitate was separated by centrifugation,
washed, and dried.

Cu-BiVO, film electrodes were prepared by electrophoretic
deposition on FTO substrate. The electrophoretic deposition
was carried out in an acetone solution (50 mL) containing
finely powder of BivVO, (40 mg) and iodine (10 mg), which
was dispersed by sonication for 3 min. Two parallel FTO
electrodes were immersed in the solution with a 10-12 mm
distance, and a 10 V bias was applied between the two
electrodes for 2 min under potentiostat (ITECHIT6834) control.
The coated area was fixed at 1 cm <1 cm. After this process,
the electrode was dried and then calcined at 573 K for 1 h.

2.2. Characterization of Catalysts

The phase and composition of the as-prepared samples was
examined with X-ray diffraction (XRD) recorded on a Rigaku
diffraction system with Cu Ko radiation (y = 1.5405 A) under
40 kV and 100 mA. Survey scan was performed at a rate of 3°
min! with 2 6 from 10° to 80°. The real Cu content in the
sample was further determined by inductively coupled plasma
atomic emission spectrometer (ICP-AES) analysis. The
morphologies and microstructures were performed on a JEOL
JEM-2100F transmission electron microscopy (TEM). UV-vis
diffuse reflectance spectra (DRS) of the samples were
investigated to determine their band gaps with an UV-Vis
spectrophotometer (Hitachi U-3010) using BaSO, as reference.
The photoluminescence spectra of the samples were recorded

by a Hitachi F-4600. X-ray photoelectron spectroscopy (XPS)
analysis (Thermo Scientific Escalab 250) was used to identify
the elemental composition and the chemical state of Cu-BiVO,.

2.3. Photocatalytic Evaluations and Photocurrent Measurements
Photodegradation of RhB in aqueous solution was carried out to
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304

30.6
20

Fig. 2 (a) XRD patterns of the the as-prepared Cu-BiVOy; (b) diffraction peaks of (010) facets in the range of 26=30.2°-31°.

2 | RSC Adv., 2014, 00, 1-7

This journal is © The Royal Society of Chemistry 2014

Page 2 of 7



Page 3 of 7

evaluate photocatalytic activity of the as-prepared Cu-BiVO,.
Typically, 50 mg of photocatalyst was dispersed in a 100 mL
solution of RhB (10®° mol/L) by sonication for 1 min and
magnetic stirring in the dark for 1 h to reach absorption-
desorption equilibrium between RhB and the photocatalyst.
After that, the solution exposed to light from a 500 W Xe
lamp. At given irradiation time intervals, 2.5 mL slurry was
sampled and centrifuged. The absorption spectra of the
supernatant was measured by UV-Vis spectrophotometer
(Hitachi U-3010) to determine the concentration change by
monitoring the optical intensity of absorption spectra at 553
nm.

nitroblue tetrazolium (NBT), a probe for superoxide radical,
was used to further ascertain the existence of superoxide
radicals.”® The process and conditions were similar to the
former photocatalytic activity test. The NBT, exhibiting an
absorption maximum at 259 nm, can be reduced by
superoxide radicals. The production of superoxide radicals in
the suspensions were analyzed by detecting the decrease in the
concentration of NBT by UV-Vis spectrophotometer.
Photoelectrochemical performance of Cu-BiVO, electrode
was measured in a three-electrode setup in a 0.1 M sodium
sulphate (50 mL) by using a CHI 660 electrochemical
workstation. The counter electrode was platinum electrode,
and saturation mercury electrode (SCE) was used as the
reference electrode. Photocurrents were measured by applying
a potential to the Pt electrode using a potentiostat (EG&G). A
shutter was used to record transient photocurrent decay at 20 s
intervals, the photoelectric responses of the photocatalysts as
light on and off were measured at +0.4 V vs SCE.

3 Results and discussion

3.1. Characterization of Cu-BiVO, photocatalyst

The compositions and crystalline phase of as-prepared
material were determined by XRD test. As shown in Fig. 2, all
XRD patterns of the Cu-BiVO, are assigned to monoclinic
scheelite BiVOy,, which is in good agreement with the JCPDS
standard card #14-0688. No other phase was found, which
demonstrates that doping with copper does not change its
phase. More (010) facet was exposed with increasing the
amount of copper. The diffraction peaks for (010) facets in the
range of 26=30.2°-31<are shown in Fig. 2(b), which shows
that a slightly shift toward a lower anger with increasing the
amount of copper. According to Bragg diffraction formula
d(hkl)=\/(2sin0), the smaller 0 is, the bigger d will be, which
implies copper replaced the position of atoms with smaller
ionic radius than Cu?". Correlative ionic radius, Bi®*
(0.108nm) > Cu? (0.72nm) > V** (0.59 nm), this determines
that the shift of diffraction peak toward lower angles should
cause by Cu?* replaced V°*.

ICP-AES, a common method for element content test, was
used to further determine the real Cu content in the sample.
The results were shown in table 1. The real content of copper
in the two samples is about half of the usage amount in
preparation. Although this values are different from the
amount in preparation, but it still meets the trend what we had
set. So it does not affect our judgment from the experimental
results.

This journal is © The Royal Society of Chemistry 2014

RSC Advances

Table 1 The concentration of Cu in the samples before and after preparation

real content
0.47mol%
1.04mol%

usage amount in preparation
Cu-1 1.0mol%
Cu-2.5 2.5mol%

TEM was used to investigate the surface morphology of the
as-prepared Cu-BiVO, samples, and the images are displayed
in Fig. 3. The as-prepared samples are mainly composed of
corals-like structures. These structures were formed by
assemble of nanoparticles with diameters ranging from 200 to
500 nm. Compared with undoped BiVO, no big change
occurred for the particles of Cu-doped samples except smaller
particle size. Smaller size for doped samples may owe to the
growth of crystal was inhibited by doping of Cu in a certain
extent. In the whole field of vision, any isolated CuO particles
were not found.

0.5 pm 0.5 pm

Fig. 3 TEM of the the as-prepared Cu-BiVO4, (a) Cu-0, (b) Cu-1.
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Fig. 4 XPS spectra of the the as-prepared Cu-1 (a) Overall patterns of
sample ,and high-resolution XPS spectra of Cu-1 heterogeneous nanostructures:
(b) Bi 4f patterns; (c) V 2p patterns and (d)Cu 2p.

X-ray photoelectron spectroscopy (XPS) was performed to
understand surface components and oxidationstates of Cu-
BiVO, prepared with different doping concentration. As the
results shown in Fig. 4(a), all of the peaks correspond to Bi, V,
O, Cu, C, respectively. C should come from the carbon tape
used for XPS analysis. The high-resolution spectrum of Bi 4f

RSC Adv., 2014, 00,1-7 | 3
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Fig. 5 Compared O 1s XPS spectra of the the as-prepared Cu-0 (a) with Cu-1 (b).

binding energy is shown in Figure 4(b), which exhibits two
peaks at about 159.3 eV and 164.6 eV, correspond to the Bi
4f7/2 and Bi 4f5/2 binding energies, respectively. Fig. 4(c)
shows the binding energies of the V 2p band, there are two
peaks located at about 517.1 eV and 524.7 eV, which can be
indexed to the V 2p3/2 and V 2pl/2 bands, respectively.
Because of low concentration, two very weak peaks of Cu
2p1/2 and Cu 2p3/2 are shown in Fig. 4(d), they located at
about 952.9 eV and 933.1 eV respectively, and the shake-up
satellite peak at about 941.7 eV. It is evident and diagnostic of
an open 3d° shell of Cu?"*®

Redox properties of photocatalyst are closely related to
oxygen vacancies and chemisorbed or dissociated oxygen
species on the surface of the materials. The O 1s XPS spectra
of the samples are shown in Fig. 5. In general, the state of
oxygen can be divided into three peaks. These peaks are
associated with oxygen lattice (O_), oxygen vacancies (Oy)
and dissociated or chemisorbed oxygen species (Oc¢). Oc was
caused by the surface chemisorbed species such as hydroxyl

/IZ

3
g — .
g 25 hv(ev)zs 27 28
w Cu-2.5| 2.54ev
2.55ev
Cu-0.5| 2.55ev
2.57ev
0 —— e
400 450 500 550 600 650 700

A (nm)
Fig. 6 UV-vis diffuse reflectance spectra (DRS) of the as-prepared samples; The
insert is the plot of (athv)? vs. hv.
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and H,0.%® Their binding energy at 530.2 eV, 531.4 eV,
532.1eV, respectively. All profiles are asymmetric and can be
divided to three Gaussian features, as shown in Fig. 5.
Compared with Fig. 5 (a) and Fig. 5(b), namely Cu-0 and Cu-
1, the ratios of the oxygen vacancy to the total oxygen are
12.4% and 15.2%, respectively. The amount of oxygen
vacancy increased a little by doping. However, the
chemisorbed oxygen changed obviously. Its ratio increases
from 1.4% to 3.8%, which strongly suggests the increasing of
oxygen vacancies in the copper doped samples.?’

Optical absorption performance contingents on the band gap
of semiconductor materials. It is considered as a key factor in
determining photocatalytic performance. Fig. 6 shows the
UV-Vis diffuse reflectance spectra (DRS) of Cu-BiVO,
samples in comparison with pure BiVO,. The as-prepared
samples presented an absorption edges at about 510nm. The
band gap values are shown inset of Fig. 6, the absorption edge
of the samples are apparently red-shifted with increment of Cu
doping concentration, so photoabsorption ability of the
samples also become stronger, which may owe to oxygen
vacancies were introduced by doping. Impurity bands caused
by oxygen vacancies just below the bottom of conduction
band, leaded to a better absorbance for photocatalyst. Cu?*
displaced V°* with low valence state created oxygen vacancies
enhanced their light absorption efficiency.

Photoluminescence (PL) analysis is regarded as a direct
approach to characterize the separation efficiency of photon-
generated carriers, which is closely related to photocatalytic
performance. The higher PL intensity represents a higher
extent of an irradiative process associated with charges
recombination, and thus fewer carriers would participate in the
photocatalytic reaction. Fig. 7 presents a comparison of the
room temperature PL spectra of the samples Cu-0 and Cu-1
upon excitation at 340 nm.® Both of them exhibited a wide
emission band ranges from 480 nm to 560 nm. For all the
samples, three main emission peaks appeared at 519 nm, 522
nm and 529 nm. Obviously, the luminous intensity of BiVO,
became weaker after doping Cu. The quenching of
fluorescence shows that the recombination of photogenerated
charge carriers between O 2p and V 3d were inhibited greatly

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 (a)Transient photocurrent decay that occurs immediately upon 500W Xe lamp illumination. (b) InD of Cu-0 and Cu-1 as functions of time.
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Fig. 7 Photoluminescence spectra of Cu-0 and Cu-1.
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in semiconductors due to the oxygen vacancies as electron
traps, which lead to a higher photon efficiency.

Bare BiVO, with poor electron transport and high bulk
recombination of photogenerated charge carriers shows bad
photocatalytic performance. Photocurrent measurement was
used to characterize photogenerated carriers separation
efficiency of photocatalysts. The photocurrent of as-prepared
photocatalysts under back side illumination is shown in Fig. 8.
Comparing with pure BiVO,, the photocurrent of Cu-doped
samples improved significantly. And Cu-1 provided a
photocurrent of 10 pA/cm? at +0.4 V vs SCE, which are 5
times higher than bare BiVO,. In general, the higher
photocurrent is, the lower carrier recombination rate will be,
which indicates that copper doping markedly enhanced the
photogenerated carriers separation efficiency and suppressed
the charge recombination. The transient photocurrent decay
upon illumination was investigated. When light switched on,
anodic photocurrent presented a photocurrent spike and
exponential decayed rapidly to steady state. It was the result of
photogenerated electron-hole quick recombination. When the
light shut out, anodic photocurrent of Cu-O produced an
obvious transient overshoot and rapid attenuation, while Cu-1
appeared little overshoot. The result is shown in Fig. 8(a). The
overshoot indicates the recombination was attributed to the
accumulation of electrons due to the poor electron
transportation in BiVO,. The electronic transmission capacity

This journal is © The Royal Society of Chemistry 2014

of Cu-1 was improved, so obvious overshoot did not appear.
The transient decay time can be calculated from a logarithmic
plot of parameter D, given by the equation:

D= (I 1)/( 1 — 1)

Where |, is the photocurrent at time t, I, and I is the
photocurrent spike and steady state photocurrent, respectively.
InD=-1 is defined as the transient decay time.?® According to
the previous formula, the photocurrent decay time of Cu-
BiVO, and bare BiVO, can be converted to InD as function of
time, as illustrated in Fig. 8(b). The transient decay time of
Cu-1 is 0.25 s, which is 2.5 times longer than Cu-0 (0.1 s),
shows that Cu-1 has a slower photocurrent decay rate.
Generally, the photocurrent decay rate of photocatalyst is
determined by the degree of photogenerated carriers
recombination. The longer transient decay time means lower
rate of carriers recombination, thus more carriers can
participate in photocatalytic reaction. The higher photocurrent
and longer transient decay time for Cu-1 than Cu-0 may be
attributed to oxygen vacancies which trap photogenerated
electrons. The probability of electron-hole recombination
became lower because of electrons were delivered to reaction
species which were absorbed and activated by oxygen
vacancies, so more carriers would migrate to the surface of
photocatalyst before recombination.

3.2. Photocatalytic activity

RhB was selected as the model pollutant to study
photocatalytic activity of as-prepared Cu-BiVO,. Fig. 9 shows
the photodegradation of RhB as a function of irradiation time
in the presence of different photocatalysts. The photocatalytic
performance improved obviously with Cu-doping than pure
BiVO,. Photocatalytic activity of the photocatalysts was
strongly dependent on the copper doping concentration, and
all of the doped exhibited higher efficiency. When the copper
concentration increased from 0% to 1%, the photocatalytic
property became higher, and Cu-1 has the best degradation
performance, 95% of RhB was degraded by Cu-1 in 80 min,
while pure BiVO, can only degrade 60% of RhB within the
same time. When doping content was over 1%, photocatalytic
activity decreased as compared with that of 1%, but still better
than that of pure BiVO, This is a sign that doping with
copper indeed significantly improved the photocatalytic
properties of BiVO,, however, it has an optimal value for
doping.

RSC Adv., 2014, 00, 1-7 | 5
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Fig. 9 (a)Photocatalytic degradation of RhB under 500W Xe lamp illumination as a function of irradiation time using the as-prepared samples. (b) The temporal
evolution of the spectra during the photodegradation of RhB aqueous solution by Cu-1.

3.3. Mechanism of enhanced photocatalysis activities

BiVO, doped with copper significantly enhanced
photocatalytic performance. Possible factors make these
changes can be summed up in the following respects: Cu?*
replaced the position of V°" with low valence state created
oxygen vacancies. When a certain amount of copper was
doped, oxygen vacancies with appropriate amount can trap the
electrons, so as to limit the recombination of photogenerated
carriers. The photon-generated carriers freely diffused to the
active sites on photocatalyst surface where oxidation of
organic species occurred. Hence, photocatalyst with
appropriate content of oxygen vacancies will improve the
photocatalytic performance by separating the electron—hole
pairs effectively. If it exceeds the optimum value, excess
oxygen vacancies will trap too many electrons. This will
increase the risk of electrons contact with photon-generated
holes. And this process reverse, oxygen vacancies will
become recombination center. This is not conductive to the
separation of electron-hole pairs. Therefore, the content of
oxygen vacancies have an appropriate value, it is
corresponding to an optimal value for the content of copper
doping.

Photocatalytic reaction mechanism was studied in this paper.
The photocatalytic reaction is a radical reaction.® 3* 3 Several
radicals quenching agents were used to determine the
mechanism of radicals. Generally, hydroxyl radicals and
superoxide radicals are two major radicals involved in
photocatalytic reaction. Photogenerated holes combine with
water molecules generate  hydroxyl radicals, and
photogenerated electrons transfer to adsorbed oxygen
molecules generate superoxide radicals, both of them can
degrade RhB. In order to distinguish which species played a
leading role in the reaction, comparative experiments for
degrading RhB with Cu-1 as photocatalyst were conducted.
IPA is a kind of hydroxy! radicals quenching agent.?* IPA can
remove hydroxyl radicals in the reaction system. In addition,
photocatalytic degradation of RhB was carried out under N,-
saturated conditions with low concentration of superoxide
radicals. The degradation of RhB experiment results are
shown in Fig. 10. Degradation efficiency reduced significantly
after removing two radicals. And the effect under the anoxic
condition is more apparent, so it declared that the superoxide
radical played a dominant role in the reaction.

6 | RSC Adv., 2014, 00, 1-7
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Fig. 11 UV-vis absorption spectroscopy of the solutions with NBT under Xe
lamp irradiation.

Nitroblue tetrazolium (NBT), a colorless molecular probe, was
chosen to further ascertain the existence of superoxide radicals.
Fig. 11 shows the UV-vis absorption spectroscopy of NBT
after different irradiation time in the photocatalytic reaction by
Cu-1. The decrease of NBT concentration indicates the

This journal is © The Royal Society of Chemistry 2014
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production of superoxide radicals in degradation process. The
path of the degradation reaction can be described as follows:
oxygen vacancies on the surface of photocatalyst particularly
exposed to the air and adsorbed oxygen molecules;
photocatalyst was irradiated by incident light then released
electrons and holes; the positively charged oxygen vacancies
drawn the photoproduction electrons, they worked as electron
acceptors by electrostatic force, the electrons were transferred
to oxygen molecules which were absorbed on oxygen
vacancies and generated superoxide radicals; then superoxide
radicals reacted with RhB, and the products were water and
carbon dioxide.

4 Conclusions

Cu doped BiVO, was prepared by a facile templates-free
hydrothermal reaction without any additional surfactants.
Successful introduction of oxygen vacancies in the material
significantly improved the performance of the photocatalytic
degradation of RhB. And the effect of oxygen vacancies in the
process of photocatalytic reaction was verified. This article
provides a strategy for the development of efficient
photocatalysts.
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