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a  b  s  t  r  a  c  t

To  overcome  the  drawback  of  low  photocatalytic  efficiency  brought  by electron–hole  recombination,
Bi2WO6 photocatalysts  with  oxygen  vacancies  were  synthesized  by zirconium  doping.  The  oxygen  vacan-
cies as  the  positive  charge  centers  can trap  the  electron  easily,  thus  inhibiting  the  recombination  of
charge  carriers  and  prolonging  the  lifetime  of electron.  Moreover,  the  formation  of  oxygen  vacancies
favors  the  adsorption  of  O2 on  the  semiconductor  surface,  thus  facilitating  the  reduction  of  O2 by the
eywords:
r4+-doped Bi2WO6

xygen vacancy
hotocatalysis
hB

trapped  electrons  to generate  superoxide  radicals,  which  play  a key  role in  the oxidation  of organics.
Visible-light-induced  photodegradation  of  rhodamine  B (RhB)  and  phenol  were  carried  out  to  evaluate
the  photoactivity  of  the  products.  The  results  showed  that  oxygen-deficient  Bi2WO6 exhibited  much
enhanced  photoactivity  than  the  Bi2WO6 photocatalyst  free  of oxygen  deficiency.  This  work  provided  a
new concept  for rational  design  and  development  of  high-performance  photocatalysts.
henol

. Introduction

Semiconductor-based photocatalysis has been attracting a great
eal of attention due to its potential applications in renewable
nergy and environment fields such as dye-sensitized solar cells,
ydrogen generation from water splitting and photocatalytic
ater/air purification [1–5]. Because these applications are based

n the photogeneration of charge carriers such as electrons and
oles, success in the applications relies on the transfer efficiency of
lectron or hole, which is closely related to the recombination rates
f the photogenerated charge carriers. Unfortunately, due to the
uch faster recombination rate (nanoseconds) than the interfacial

ransfer rate (microseconds to milliseconds), many charge carriers
ecombine and dissipate the input energy as heat, which seriously
imits the overall quantum efficiency for photocatalysis [6].  There-
ore, to improve the photocatalytic activity of the semiconductors,
t is important to control the recombination dynamics of the
hotogenerated charge carriers. If a suitable scavenger or surface
efect state is available to trap the electron or hole, recombination

s inhibited and ensuing redox reaction may  occur. It was reported
hat oxygen vacancies may  act as electron capture centers, and thus

lay an important role in retarding the recombination of charge
arriers, which can lead to an enhanced photocatalytic activity of
he photocatalysts [7–9]. Moreover, the existing oxygen vacancies
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can act importantly as specific reaction sites for reactant molecules
in heterogeneous reactions [10]. Therefore, introducing oxygen
vacancies into the photocatalysts can be a feasible approach for
developing highly active photocatalysts.

As one of the simplest Aurivillius oxides with layered structure,
Bi2WO6 has recently attracted considerable attention for its good
photocatalytic performance in water splitting and organic con-
taminant decomposing under visible light irradiation [11–15].  Up
to now, much work has been done to facilitate the electron–hole
separation and enhance the photocatalytic activity of Bi2WO6,
including surface modification [16,17], anion doping [18], and
coupling with other semiconductors [19,20].  However, to the
best of our knowledge, the effect of oxygen vacancies on the
photocatalytic activity of Bi2WO6 has seldom been reported.

Here for the first time we introduce oxygen vacancies into
Bi2WO6 through zirconium doping and the relationship between
oxygen vacancies and the photocatalytic activity of Bi2WO6 has
been investigated. Bi2WO6 does not contain oxygen vacancies and
it was  reported that substitution of W by appropriate cations with
lower valence states could lead to an extrinsic oxygen deficiency by
charge compensation [21,22].  Defect calculations show that the low
solution energy (0.05 eV) is favorable for the substitution of ZrIV at
WVI site with the creation of extrinsic oxygen vacancies [22], which
may  be described by defect reactions written as:
ZrO2
WO3−→Zr

′′
W + VO

•• + 2OO

In this study, we  succeeded in preparing oxygen deficient Bi2WO6
phases by substitution for WVI with ZrIV. The photoactivity

dx.doi.org/10.1016/j.jhazmat.2011.09.017
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. (A) The XRD patterns of the as-synthesized products; (B) di

valuation, via the photocatalytic degradation of RhB and phe-
ol under visible light, demonstrated that the photocatalytic
ctivity is dependent on the concentration of oxygen vacancy,
nd the Zr4+-doped Bi2WO6 exhibit much better photocatalytic
erformance than undoped Bi2WO6 sample. Moreover, the role
f oxygen vacancy in promoting the separation of charge carriers
nd enhancing the photocatalytic activities is elucidated in detail.

. Experimental

.1. Preparation of Zr4+-doped Bi2WO6 photocatalysts

The Zr4+-doped Bi2WO6 photocatalysts were prepared by
 hydrothermal method. In a typical process, 2 mmol of
i(NO3)3·5H2O and 1 mmol  of Na2WO4·2H2O were dissolved in

 mL  of 2 M nitric acid and 30 mL  of deionized water, respectively.
fter that, these two solutions were mixed together and stirred

or 30 min. Then aqueous solution containing desired amounts of
rOCl2·8H2O was added for Zr4+-doped Bi2WO6. The molar ratios
f Zr to Bi2WO6 were set as 0, 2.0%, 3.0% and 4.0%, respectively,
nd the corresponding products were named as Zr-0, Zr-0.02, Zr-
.03 and Zr-0.04. The pH value of the final suspension was  adjusted
o about 7 and the mixture was stirred for several hours at room
emperature. Afterward, the suspensions were added into a 50 mL
eflon-lined autoclave up to 80% of the total volume. The auto-
lave was sealed in a stainless steel tank and heated at 160 ◦C for
4 h. Subsequently, the autoclave was cooled to room temperature
aturally. The products were collected by filtration, washed with
istilled water for several times, and then dried at 60 ◦C in air for
2 h.

.2. Characterization

The phase and composition of the as-prepared samples were
easured by X-ray diffraction (XRD) studies using an X-ray diffrac-

ometer with Cu K� radiation under 40 kV and 100 mA  and with the
� ranging from 20◦ to 60◦ (Rigaku, Japan). The morphologies and
icrostructures of the as-prepared samples were investigated by

ransmission electron microscopy (TEM, JEOL JEM-2100F). UV–vis
iffuse reflectance spectra (DRS) of the samples were recorded
ith an UV–vis spectrophotometer (Hitachi U-3010) using BaSO4

s reference. Chemical compositions of the derived products were

nalyzed using X-ray photoelectron spectroscopy (XPS) analysis
Thermo Scientific Escalab 250). All binding energies were refer-
nced to the C 1s peak (284.8 eV) arising from adventitious carbon.
he photoluminescence (PL) spectra of the samples were recorded
on peak positions of the (1 3 1) plane in the range of 2� = 27.5–29◦ .

with a Perkin Elmer LS55. Total organic carbon (TOC) analysis was
carried out with an elementar liqui TOC II analyzer.

2.3. Photocurrent measurement

Photocurrent measurements were carried out by using a CHI
660C electrochemical workstation. 25 mg  of photocatalyst was  sus-
pended in de-ionized water (50 mL)  containing acetate (0.1 M)  and
Fe3+ (0.1 mM)  as an electron donor and acceptor, respectively. A
Pt plate (both sides exposed to solution), a saturated calomel elec-
trode (SCE), and a Pt gauze were immersed in the reactor as working
(collector), reference, and counter electrodes, respectively. Pho-
tocurrents were measured by applying a potential (+1 V vs SCE)
to the Pt electrode using a potentiostat (EG&G).

2.4. Measurement of photocatalytic activities

Photocatalytic activities of the Zr4+-doped Bi2WO6 photo-
catalysts were measured by monitoring photo-degradation of
rhodamine B (RhB) and phenol in aqueous solution. 100 mg  of
the photocatalysts were dispersed in a 100 mL  solution of RhB
(10−5 mol/L) or phenol (20 mg/L). Before illumination, the sus-
pensions were magnetically stirred in the dark for 1 h to ensure
adsorption/desorption equilibrium of RhB or phenol with the pho-
tocatalyst powders, and then exposed to visible light from a 500 W
Xe lamp with a 420 nm cutoff filter. After a certain period of irradi-
ation, 3 mL  suspension was  sampled and centrifuged to remove the
photocatalysts. After that, the supernatant was  taken out to mea-
sure the absorption spectral change of RhB or phenol through a
UV–vis spectrophotometer (Hitachi U-3010) to monitor the photo-
degradation rate. The concentration change of rhodamine B and
phenol were determined by monitoring the optical intensity of
absorption spectra at 553 nm and 270 nm,  respectively.

3. Results and discussion

3.1. Crystal structure and morphology of the products

The XRD diffraction patterns of the pure Bi2WO6 and Zr4+-
doped Bi2WO6 samples are shown in Fig. 1(A). All of the diffraction
peaks match the standard data for a Russellite Bi2WO6 structure
(JCPDS 39-0256), and no characteristic peaks of any impurities are
detected in the patterns, which demonstrates that doping with

zirconium does not result in the development of new phases. How-
ever, a careful comparison of the (1 3 1) diffraction peaks in the
range of 2� = 27.5–29◦ (Fig. 1(B)) shows that the peak position of
Bi2WO6 shifts slightly toward a lower 2� value with the increase
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Fig. 2. TEM micrograp

f zirconium contents. The same results are also presented in
ther diffraction peaks. According to Bragg’s law, d(h k l) = �/(2 sin �),
here d(h k l) is the distance between crystal planes of (h k l), � is the
-ray wavelength, and � is the diffraction angle of the crystal plane

h k l) [23], the decrease in 2� value should result from the increase
n lattice parameters (d(1 3 1) value). Because the ionic radius of
r4+ (0.080 nm)  is smaller than that of Bi3+ (0.108 nm)  but larger
han that of W6+ (0.062 nm), the observed shift of diffraction peak

oward lower angles should be due to the larger lattice parameter
xpected for substitution of W6+ by Zr4+.

In order to obtain detailed information about the microstructure
nd morphology of the as-synthesized samples, TEM observations

Fig. 3. XPS spectra of Zr-0.03. (A) The overall XPS spectra of the sample
) Zr-0 and (B) Zr-0.03.

are carried out. Fig. 2(A) and (B) shows the representative TEM
images of pure Bi2WO6 sample and Bi2WO6 sample doped with a
zirconium content of 3.0 mol%, respectively. Both samples exhibit
sheet-like morphology, which indicates that zirconium doping has
no obvious influence on the morphology of Bi2WO6.

3.2. X-ray photoelectron spectroscopic (XPS) analysis
The surface composition and elementary oxidation states of the
as-prepared sample with a zirconium content of 3.0 mol% is investi-
gated using XPS analysis, and the corresponding experiment results
are shown in Fig. 3. The overall XPS spectra shown in Fig. 3(A)

; (B) Bi 4f spectrum; (C) W 4f spectrum and (D) Zr 3d spectrum.
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photo-induced charges separation efficiency of undoped and zirco-
nium doped samples, the photocurrent measurement was  carried
out under visible light irradiation. As shown in Fig. 6(B), the Zr-
0.03 sample generates higher photocurrent than undoped Bi2WO6,
Fig. 4. High-resolution XPS spec

ndicates that all of the peaks on the curve are ascribed to Bi, W,
, Zr and C elements and no peaks of other elements are observed.
he presence of C comes mainly from carbon tape used for XPS
easurement. Parts B–D of Fig. 3 display the high-resolution

pectrum for Bi, W and Zr species, respectively. According to
ig. 3(B), the binding energies of Bi 4f7/2 and Bi 4f5/2 are 159.2 eV
nd 164.4 eV, respectively, which correspond to the characteristic
eak of Bi3+. The W 4f orbital is clearly resolved into W 4f5/2
nd W 4f7/2 contributions, centered upon 37.3 eV and 35.2 eV,
espectively (Fig. 3(C)), which are very close to previously reported
alues [19], suggesting that the tungsten in the Zr4+-doped Bi2WO6
ample exists as W6+. The Zr 3d spectra shown in Fig. 3(D) consists
f Zr 3d3/2 and Zr 3d5/2 main peaks with a peak separation of
.4 eV, which is in agreement with the literature data of Zr4+ [24].

Moreover, we investigated the presence of oxygen vacancies
y the XPS spectra. The high-resolution O 1s XPS spectra of
ndoped Bi2WO6 and Zr4+-doped Bi2WO6 samples were presented

n Fig. 4(A) and (B), respectively. Both profiles are asymmetric and
an be fitted to two Gaussian features, which are normally assigned
s the low binding energy component (LBEC) and the high bind-
ng energy component (HBEC), indicating two different kinds of

 species in the sample. The LBEC and HBEC can be attributed
o the lattice oxygen and chemisorbed oxygen caused by the sur-
ace chemisorbed species such as hydroxyl and H2O, respectively
25]. It has been previously reported that the HBEC component
evelops with the increase of oxygen vacancies [26], which can

ead to the asymmetry of the main peak. The high-resolution O
s XPS spectra indicate that the peak area of HBEC is obviously

arger in the zirconium doped sample as compared to the undoped
ne. Moreover, the calculated ratios of the adsorbed oxygen to
he lattice oxygen are 1.14 and 0.43 for the zirconium doped
ample and undoped sample, respectively, which strongly sug-
ests the presence of oxygen deficiencies in the zirconium doped
ample.

.3. Optical properties of the products

The UV–vis diffuse reflectance spectra (DRS) of Zr4+-doped
i2WO6 samples in comparison with pure Bi2WO6 are shown in
ig. 5. Pure Bi2WO6 sample presented the photoabsorption ability
rom the UV light region to the visible light with the wavelength
horter than 450 nm.  It was noteworthy that the absorption onset

f Zr4+-doped Bi2WO6 samples was red-shifted apparently. With
he increasing zirconium doping amount, the visible light absorp-
ion intensity of the samples became stronger, which may  be
ttributed to excitations of trapped electrons in localized states
O 1s for (A) Zr-0 and (B) Zr-0.03.

associated with oxygen vacancies just below the conduction band
minimum [27]. The oxygen vacancies are positive charges centers,
which bound electrons easily. Excitation of the electrons from such
local states to the conduction band can lead to better visible light
absorbance. Therefore, with more zirconium dopant concentration,
more oxygen vacancies are created, and optical absorption proper-
ties of the samples become stronger.

3.4. Photoluminescence spectra and photoelectrochemical
measurements

Since photoluminescence (PL) emission mainly results from the
recombination of free carriers, PL spectra is useful in determining
the migration, transfer, and recombination processes of the pho-
togenerated electron–hole pairs in a semiconductor. A weaker PL
intensity implies a low recombination rate of the electron–hole
under light irradiation [28]. Fig. 6(A) shows the PL spectra of
undoped Bi2WO6 and Zr4+-doped Bi2WO6 (Zr-0.03) when the exci-
tation wavelength was  300 nm.  There was a significant decrease in
the intensity of PL spectra of Zr4+-doped Bi2WO6, which confirmed
that zirconium doping could effectively inhibit the recombination
of photogenerated charge carriers.

Photocurrent reflects indirectly the semiconductor’s ability to
generate and transfer the photogenerated charge carriers, which
correlates with the photocatalytic activity [29]. To investigate the
Fig. 5. UV–vis diffuse reflectance spectra of the as-prepared samples.
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ig. 6. (A) The room temperature photoluminescence (PL) spectrum of Zr-0.03 and
r-0.03  and Zr-0 suspended with acetate and Fe3+.

hich indicates that zirconium doping can effectively promote the
harge carrier transfer and reduce the electron–hole recombina-
ion.

.5. Photocatalytic performance of Zr4+-doped Bi2WO6 samples

RhB, a hazardous compound as well as a common model pol-
utant, was chosen as a representative pollutant to evaluate the
hotocatalytic performance of the photocatalysts. The RhB con-
entration variation versus the reaction time in the presence of
r4+-doped Bi2WO6 samples compared with pure Bi2WO6 is plot-
ed in Fig. 7(A). The results demonstrate that the photoactivity of
he samples was strongly dependent on the zirconium doping con-
entration. With zirconium concentration increasing from 0 mol%
o 3.0 mol%, the photoactivity of the samples for the RhB pho-
odegradation was enhanced. When the zirconium concentration
ncreased to 4.0 mol%, the photoactivity decreased as compared
o that of 3.0 mol%, but still higher than that of undoped Bi2WO6.
he maximum photoactivity was observed for Zr-0.03, which can
egrade RhB completely in 20 min, while only 65.4% of RhB was
egraded in the presence of pure Bi2WO6 within the same time
eriod. Moreover, the comparison of the apparent rate constant

 in Fig. 7(B) demonstrated that Zr-0.03 had the highest k value
n the photodegradation of RhB, while that of Zr-0.04 decreased

ompared with that of Zr-0.03. The reason can be interpreted
s follows: appropriate amount of oxygen vacancies can trap
he electrons, resulting in the holes free to diffuse to the semi-
onductor surface where oxidation of organic species can occur.

ig. 7. (A) Photocatalytic degradation of RhB under visible light (� > 420 nm) as a func
onstant k.
(�Ex = 300 nm); (B) photocurrent generated with visible light irradiation time over

Therefore, appropriate content of oxygen vacancies will improve
the photocatalytic process by separating the electron–hole pairs
effectively. If it exceeded the optimum value, however, the oxy-
gen vacancies would act as the recombination centers for the
photoinduced electrons and holes, which is unfavourable to the
photocatalytic performance [27,30]. When the Zr doping concen-
tration was 3.0 mol%, appropriate content of oxygen vacancies were
generated and this photocatalyst exhibited the highest photocat-
alytic activity. When the doping concentration of Zr was  increased
further, the excess oxygen vacancies generated led to a poor pho-
tocatalytic performance. Therefore, appropriate zirconium doping
amount can significantly enhance the photocatalytic activity of
Bi2WO6.

Photocatalytic activities of the above-mentioned photocatalysts
can be further tested by the degradation of some other organic com-
pound, such as phenol that has no light absorption property in the
visible light region and no photosensitization, as shown in Fig. 8.
Obviously, upon visible-light irradiation, phenol is degraded more
efficiently by Zr-0.03 than by pure Bi2WO6 (Fig. 8(A)). About 62.5%
and 14.2% degradation efficiency was reached within 120 min  by
Zr-0.03 and pure Bi2WO6, respectively. In addition, due to pseudo-
first-order kinetics of phenol photodegradation on Bi2WO6, the
apparent rate constant k is calculated to be 0.0012 min−1 and
0.0083 min−1 for pure Bi2WO6 and Zr-0.03, respectively (Fig. 8(B)).

In other words, the photocatalytic activity of Zr-0.03 is about 7
times that of pure Bi2WO6.

In order to further investigate the photodegradation of phenol,
total organic carbon (TOC), which has been widely used to evaluate

tion of irradiation time by the as-prepared samples; (B) the comparison of rate
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photocatalytic degradation of phenol, indicating that •OH is not the
major oxidation species in this process. However, when holes scav-
enger, EDTA [35] was  introduced, the degradation rates of phenol
ig. 8. (A) Photocatalytic degradation of phenol under visible-light irradiation by
fficiency during the course of photocatalytic degradation of phenol in the presenc
henol  under visible-light irradiation.

he degree of mineralization of organic species, was  measured in
he photodegradation process by the as-prepared samples under
isible light, as shown in Fig. 8(C). The results confirm that phenol
s steadily mineralized by the as-prepared samples. Moreover, the
OC removal efficiency in the presence of Zr-0.03 reaches a value
f 29.2% after 120 min  of irradiation, while that of Bi2WO6 is only
.3%. Based on the above results, it can be deduced that Zr-0.03 is

 much superior photocatalyst to pure Bi2WO6.
To check the stability of the Zr4+-doped Bi2WO6 photocatalyst,

he circulating runs in the photocatalytic degradation of phenol
ere performed under visible light. As shown in Fig. 8(D), after five

ecycles for the photodegradation of phenol, the catalyst did not
xhibit any significant loss of activity, confirming the Zr4+-doped
i2WO6 is not photocorroded during the photocatalytic oxidation
f the pollutant molecules, which is especially important for its
pplication.

.6. Mechanism of enhanced photoactivities

Photocatalysis generally involves four processes [31]: (i) light-
nduced generation of conduction band electrons and valence band
oles; (ii) transfer of the photogenerated charge carriers to the
hotocatalyst surface; (iii) subsequent reduction/oxidization of the
dsorbed reactants directly by electrons/holes or indirectly by reac-
ive oxygen species; and (iv) recombination of the photogenerated
lectron–hole pairs. The photocatalysis efficiency is determined by
he competition between the charge separation process and the
harge recombination process. Desired photocatalysts are expected

o promote the charge transfer processes while suppressing recom-
ination process.

Typically, for photocatalysts in an aqueous solution, the photo-
nduced valence band holes can react with chemisorbed hydroxyl
3 and Zr-0, respectively; (B) the comparison of rate constant k; (C) TOC removal
r-0.03 and Zr-0, respectively; (D) cycling runs in the photocatalytic degradation of

groups or H2O to form surface-bound hydroxyl radicals (•OH) and
the conduction band electrons can interact with adsorbed O2 to
form superoxide radicals (O2

•−), which are both strong oxidative
species and play crucial roles in the oxidative degradation of organ-
ics [32,33]. However, for the Bi2WO6 system, the holes could not
react with OH−/H2O to form •OH due to the more negative redox
potential of BiV/BiIII (+1.59 V) than that of •OH/OH− (+1.99 V) [34].
In order to ascertain the active species in the degradation process,
holes and hydroxyl radicals scavengers were added into the degra-
dation system. Fig. 9 showed that the addition of isopropanol (IPA)
as hydroxyl radicals scavenger [34] caused a minor change in the
Fig. 9. Photocatalytic degradation of phenol with the addition of hole and hydroxyl
radical scavengers and in N2-saturated solutions under visible light irradiation
(� > 420 nm).
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ig. 10. Proposed photocatalytic mechanism of oxygen deficient Bi2WO6. OP:
rganic pollutant; DP: degradation product.

ere depressed to a large extent. Therefore, holes play an important
art in Bi2WO6 photocatalysis.

The superoxide radical is another important intermediate for
xidative degradation of organics [36,37]. In order to examine
he role of superoxide radical in the photocatalysis, photocat-
lytic degradation of phenol was carried out under N2-saturated
onditions. The result shown in Fig. 9 indicated that under the
noxic condition, the photodegraded rate of phenol was  largely
uppressed, suggesting that superoxide radical is an important oxi-
ation species in the photocatalytic process. Oxygen molecules as
he electron scavengers play a crucial role in photocatalysis by
eacting with electrons to generate superoxide radicals. However,
hen the rate of O2 reduction by electrons is not sufficiently fast

o match the rate of reaction of holes, an excess of electrons will
ccumulate on the photocatalyst particles, and the electron–hole
ecombination rate will increase consequently. In this case, elec-
rons transfer to O2 may  be the rate limiting step in photocatalysis
38,39]. This, however, can be overcome by the introduction of
xygen vacancies into the photocatalyst.

In order to facilitate the reaction between oxygen and elec-
rons, strong oxygen adsorption on the photocatalyst surface and
onger lifetime of electrons are indispensable. It was reported that
dsorption of O2 molecules is mainly mediated by oxygen vacancies
nd oxygen physisorbs on defect-free oxide surfaces but inter-
cts strongly with oxygen vacancies [40,41]. So the adsorption of
xygen can be promoted by the formation of oxygen vacancies.
n the other hand, if an electron is freely mobile in the semi-
onductor particle, it is hardly possible for it to escape destiny of
ecombination. However, this can be prevented if the electrons are
ransiently but efficiently trapped in the particles. The positively
harged VO

•• defects can work as electron acceptors and can trap
he photogenerated electrons temporarily to reduce the surface
ecombination of electrons and holes [8,9]. Therefore, the creation
f oxygen vacancies can not only favor oxygen adsorption but also
etard the recombination of charge carriers, which facilitates the
2 reduction rate to generate more superoxide anions (O2

•−) on
he photocatalyst surface (Fig. 10), and thus lead to an enhanced
hotocatalytic activity.

. Conclusions

Oxygen-deficient Bi2WO6 photocatalysts were synthesized by
irconium doping, and the relationship between oxygen vacan-
ies and photocatalytic activities of Bi2WO6 was  investigated.
he visible-light-induced photo-degradation of RhB and phenol

emonstrated that zirconium doping could significantly enhance
he photocatalytic performance of Bi2WO6. The higher photocat-
lytic activity was attributed to the formation of oxygen vacancies,
hich promote the O2 adsorption and O2 reduction rate, leading to

[

[

Materials 196 (2011) 255– 262 261

more superoxide anions on the photocatalyst surface. Generation
of superoxide anions was  a process of trapping the photoinduced
electrons, which facilitated the charge separation and resulted
in a lower electron–hole recombination rate. Our  work suggests
that the idea of oxygen vacancies introduction can be a plausible
strategy to develop efficient visible-light-driven photocatalysts for
environmental remediation.
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