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ARTICLE INFO ABSTRACT

A new and facile co-modification by introducing oxygen vacancies and loading Ag nanoparticles to largely
promote the visible-light-driven photocatalytic activities of Bi, WO, semiconductor photocatalyst has been
studied. Bi,WOg (BWO) flower-like micro-spheres were prepared by a hydrothermal method. Oxygen vacancies
(OV) were introduced by a hydrogen reduction method and the concentration of OV was controlled by the heat
treatment temperature under H, atmosphere. After OV modification, Ag nanoparticles were loaded on the BWO
micro-sphere surface by a photo-reduction method and the Ag loaded content was controlled by the con-
centration of AgNO3 solution. Results of visible-light-driven photocatalytic characterizations show that photo-
catalytic reaction rate constants of OV introduced modified type (BWO@OV) and Ag loaded modified type
(BWO@Ag) increase by 1.47 and 1.67 times, respectively, comparing with BWO. Moreover, the reaction rate
constant of co-modified type (OV@BWO@AGg) reaches as high as 2.53 times. Introducing OV into BWO enhances
the separation of photo-generated electron/hole pairs, and the co-modification by both introducing OV and
loading Ag nanoparticles has a synergy promotion effect on photocatalytic activity, which is believed to be a new
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1. Introduction

Semiconductor photocatalytic materials and technologies, being
able to utilize sunlight, are considered to be ideal technologies for en-
vironmental pollution degradation, but still hard to be widely applied
due to their low photocatalytic reaction efficiency. The narrow ab-
sorbing range of sunlight and the recombination of electron/hole pairs
are the key technical bottlenecks needed to be solved [1-7].

Bi,WOg (BWO), a binary metal oxide n-type semiconductor having
Aurivillius structure [6], has a narrow bandgap (about 2.8 eV) and is
able to absorb visible light, however, its narrow bandgap gives rise to
the increase of recombination of photogenerated electrons/holes,
leading to its low visible light photocatalytic ability. The studies of
restraining electron/hole recombination for BWO are focus on two
ways as followings so far. One is to form a heterogeneous structure by
combined with wide bandgap semiconductors. For example, a hydro-
thermal treatment to deposit BWO on TiO, nanofiber mat was applied
to prepare a 3D BWO/TiO, hierarchical hetero-structure formed be-
tween the two semiconductors [8]. Due to the valence band (VB) level
of BWO is lower, by 0.353 eV, than that of TiO,, photogenerated holes
in the VB of BWO can be transferred to that of TiO5 and the probability
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of electron/hole recombination decreases, which results in enhanced
visible photocatalytic degradation performances [8]. Besides, MoS [9],
g-C3N,4 [10], WO3 [11], ZnO [12] semiconductors were also reported to
be combined with BWO to form heterogeneous structures. The second
way is to modify BWO by surface loading with high conductivity ma-
terials, such as carbon, noble metal nanoparticles. Graphene/BWO
[13], C/BWO microsphere [14], Pt/BWO [15,16], Au/BWO [17], Ag/
BWO [18] were reported, and the photo-generated electrons in the
conduction band (CB) of BWO are transferred to C or noble metal
loaded on BWO surface to restrain the electron/hole recombination.
Oxygen vacancies (OV) have two important effects on energy band
structure of semiconductor photocatalysts. One is that the existence of
OV in crystal lattice of semiconductor induces a shift of VB edge which
results in narrowing bandgap and enhancing sunlight harvest cap-
ability. For example, OV was introduced into TiO, by H, reduction
treatment to obtain black TiO, nanoparticles with a bandgap of only
1.85 eV, the edge of VB shifts from 1.2eV to —0.3 eV, which results in
the band narrowing and the enhanced visible light absorption [19].
Another effect is that the presence of OV creates a new defective energy
level below the bottom of CB and induces enhancement of visible light
absorption. For example, the OV's state level was reported at 0.75eV

Received 31 January 2019; Received in revised form 4 July 2019; Accepted 5 July 2019

Available online 05 July 2019
0025-5408/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00255408
https://www.elsevier.com/locate/matresbu
https://doi.org/10.1016/j.materresbull.2019.110538
https://doi.org/10.1016/j.materresbull.2019.110538
mailto:y.huang@xmu.edu.cn
mailto:zzh@xmu.edu.cn
https://doi.org/10.1016/j.materresbull.2019.110538
http://crossmark.crossref.org/dialog/?doi=10.1016/j.materresbull.2019.110538&domain=pdf

Y. Huang, et al.

below CB for H, treated TiO, nanowire arrays and the visible absorp-
tion is attributed to the transitions from the TiO, VB to the OV's levels
or from the OV's levels to the TiO, CB [20]. The effect of OV con-
centration on the efficiency of perovskite solar cell was also studied by
our group by using F-doped TiO, nanoparticles as electron transport
layer in the cell [21]. For BWO, Kong et al introduced OV into BWO
nanoplatelet sample surface by an ethylene glycol-assisted solvothermal
approach and realized photocatalytic CO, reduction over the full solar
spectrum [22]. The effects of OV on restraining the electron/hole re-
combination and the efficiency of BWO semiconductor photocatalyst
are, however, still few reported and an improved understanding is of
great interest.

In this work, we have studied a new and facile co-modification to
largely promote BWO visible photocatalytic activity by introducing OV
into BWO and loading Ag nanoparticles on surface of BWO. Introducing
OV into BWO enhances the separation of photo-generated electron/hole
pairs, and the co-modification by both introducing OV and loading Ag
nanoparticles has a synergy effect on BWO photocatalytic degradation
properties, showing a new technical route to promote semiconductor
photocatalytic activities.

2. Experimental
2.1. Preparation of Bi,WOg flower-like microspheres

All the chemical reagents used in the experiments were of analytical
grade without further purification.

Bi,WOg flower-like micro-spheres (BWO) were prepared by a hy-
drothermal method referred to [23], using sodium tungstate and bis-
muth nitrate as raw materials. 1 mmol of sodium tungstate was dis-
solved in 75 ml deionized water, stirred for 0.5h to obtain solution A.
2mmol bismuth nitrate was added to 5ml 2 mol/L nitrite acid, stirred
for 0.5 h to obtain solution B. Then solution B was added to solution A
and continued to stir for 1h to get a mixed solution with white pre-
cipitates, which was transferred to a 100 ml Teflon-lined stainless au-
toclave and heated to 180 °C for 24 h. The obtained faint yellow pre-
cipitates were filtered and washed several times with deionized water
and ethanol, and then dried at 60 °C for 6 h.

2.2. Preparation of introducing oxygen vacancy (OV) modified BWO
flower-like microspheres (BWO@OV)

Introducing oxygen vacancy modified BWO flower-like micro-
spheres (BWO@OV) have been prepared by a H, reduction method
using the as-prepared BWO flower-like microspheres as raw materials.
In a typical process, 0.4 g as-prepared BWO powders were laid on a
ceramic ark and set inside a tube furnace. After the air inside the tube
was completely substituted by a mixed gas of H, 5%/Ar 95%, the
powder sample was heated to a setting temperature for 2 h under a gas
flow 0.2 L/min of the mixed gas (H, 5%/Ar 95%). The concentration of
OV introduced was controlled by the setting temperature (150 °C,
200 °C, 250 °C and 300 °C).

2.3. Preparation of loading Ag modified BWO flower-like microspheres
(BWO @Ag)

Loading Ag modified Bi,WOg micro-spheres (BWO@Ag) were pre-
pared by using the as-prepared BWO micro-spheres as raw materials
and by a photo-reduction method referred to [24]. 0.7 g as-prepared
BWO powders were dispersed in 100ml 1 X 10~* mol/L AgNOj; solu-
tion. After stirred for 0.5 h in dark, the solution was irradiated by a UV-
lamp (365 nm, Toshiba BL 20 W) for 0.5 h. The height between solution
and lamp was set to be 200 mm. The obtained grey precipitates were
filtered and washed several times with deionized water and ethanol,
and then dried at 60 °C for 6 h.
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2.4. Preparation of introducing OV and loading Ag co-modified BWO
flower-like microspheres (OV@Bi,WOs@Ag)

Using the as-prepared BWO microspheres as raw materials, in-
troducing OV and loading Ag co-modified BWO microspheres (OV@
Bi,WOs@Ag) have been prepared by an order processing of first Hy
reduction and then photo-reduction. The setting temperature of Hy
reduction was 200 °C. The concentration of Ag loaded was controlled by
the AgNOj3 solution concentrations (0.5 X 1074 1x107% 2x10"*
and 5 x 10~ % mole/L).

The opposite order processing of first photo-reduction and then H,
reduction were not used because this processing combination may in-
duce the increase of grain size of loaded Ag nanoparticles during the
second processing of the H, heated treatment.

2.5. Structure characterizations

Bruker AXS (D8 advance) X-ray diffraction was used to analyze the
phase structures. The XRD patterns were collected under the following
conditions: irradiated with graphite monochromatic copper A (Cu, Ka)
=0.154nm, at 40kV, 40 mA, over arrange of 5-90 ° with a step of
0.0163° for 0.05s. Scanning electron microscope (SEM, HitachiSU-70,
5kV) was used for morphology characterization and transmission
electron microscopy (TEM, JEM-2100, 200 KV) was performed to
evaluate the grain sizes and morphology structures. X-ray photoelec-
tron spectroscopy (PHI quantum 2000) with Al Ka as X-ray source was
applied to measure the chemical state. All the binding energy was ca-
librated with the C1s peak at 284.8 eV. UV-vis absorption spectra were
recorded by a diffuse reflectance spectroscopy (UV-vis DRS, Lambda
750) using a reference of BaSO,. The electron paramagnetic resonance
(EPR) investigation was performed by a Bruker EMX-10/12 spectro-
meter operating at the X-band frequency. The photoluminescence (FL)
characterization was conducted by using fluorophotometer (F-7000,
Hitachi) with an excited wavelength of 300 nm. The Brunauer-Emmett-
Teller (BET) specific surface areas were measured by nitrogen adsorp-
tion using a TriStar 3020 analyzer.

2.6. Visible light photocatalytic measurement

Rhodamine B (Rh B) was chosen to be the model contaminate
chemical. 30 mg powder sample was dispersed in 60 ml1 10 mgL~' Rh B
solution. After kept in dark for 1 h to reach adsorption equilibrium, the
photocatalytic reaction was started by irradiating the system using a
500 W xenon lamp as the visible light source with a cutoff filter to cut
off the light below 400 nm. At a 20 min interval, the concentration of
Rh B left in the solution was analyzed by a UV-vis spectrophotometer
(Lambda 750) at the characteristic wavelength (A = 553 nm), from
which the degradation yield was calculated. The photocatalytic activity
of the samples can be quantitatively evaluated by comparing the ap-
parent reaction rate constants. The photocatalytic oxidation of Rh B is a
pseudo-first-order reaction and its kinetics can be expressed as follows:
kt = In(C/Cp), where k is the apparent reaction rate constant, Cy and C
are the initial concentration and the reaction concentration of Rh B,
respectively.

3. Results and discussion
3.1. Structure and morphologies

Fig. 1 shows XRD patterns of the as-prepared 4 samples of BWO,
BWO@OV, BWO@Ag and OV@BWO@Ag. The setting temperature of
H, reduction was 200 °C for the BWO@OV and OV@BWO@Ag samples.
The setting concentration of AgNO3 solution during photo-reduction
was 1 X 10~ * mole/L for the BWO@Ag and OV@BWO@Ag samples.

The XRD diffraction peaks of the 4 samples agree well with Bi,WOg
crystal (JCPDS#39-0256) and there are no impurity peaks, confirming
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Fig. 1. XRD patterns of Bi,WOs (BWO), introducing OV modified Bi,WOg
(BWO@OV), loading Ag modified Bi,WOs (BWO@Ag) and the co-modified
Bi,WO,s (OV@BWO@Ag).
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that all the 4 samples are Bi,WOg crystal. Introducing OV modification,
loading Ag modification and the co-modification do not induce the
change of the crystal phase. The average grain sizes obtained by the
Scherrer equation using the XRD (131) peaks of the 4 samples are
16.11, 17.05, 15.91 and 16.18 nm, respectively. It also confirms that
there is no significant change in grain size. For BWO@Ag and OV@
BWO@Ag samples, no Ag XRD peaks have been observed due to low
crystallinity or amorphous state of loaded Ag nanoparticles [24].

Fig. 2(a—c) shows SEM photos of BWO, BWO@OV and OV@
BWO@Ag samples, respectively, Fig. 2(d) and the inset are the en-
largements of Fig.2(c) for OV@BWO@Ag sample. The SEM of
BWO@Ag (not shown) has the same characteristics as that of BWO. The
morphologies of the 4 samples of BWO, BWO@OV, BWO@Ag and OV@
BWO@Ag are all flower-like microspheres (275 um in diameter), and
from the inset in Fig. 2(d), the flower-like microspheres are composed
by overlapping of nanoplates, confirming that introducing OV mod-
ification, loading Ag modification and the co-modification do not in-
duce the significant change of morphology. The BET specific surface
areas of BWO and BWO@OV are 25m*g ™! and 22m?g ™!, respec-
tively, also showing no significant difference under introducing OV
process by the H, heated treatment at 200 °C 2 h.

SU705.0kV 6.4mm x30.0k SE(U)

Fig. 2. SEM photos of (a) BWO, (b) BWO@OV and (c) OV@BWO@Ag, (d) and the inset: the enlargement of (c); TEM photos of (¢) BWO@OV and (f) OV@BWO@Ag,

the insets are the corresponding HRTEM photos.
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Fig. 3. EDX spectrum and element composition of an OV@BWO@Ag sample.

Loading Ag nanoparticles were confirmed by TEM and EDX char-
acterizations. Fig. 2(e) and (f) show the TEM photos of BWO@OV and
OV@BWO@Ag, the insets are the corresponding HRTEM photos. There
are no nanoparticles on surface of the nanoplates of BWO@OV sample
(Fig. 2(e)), but for OV@BWO@Ag sample (Fig. 2(f)), it can be seen
clearly that there are lots of separated nanoparticles (3°5nm in dia-
meter) loaded on the surface of nanoplates, which are confirmed to be
Ag nanoparticles considering the presence of Ag by EDX detection
(Fig. 3). The lattice fringe spacings of the two samples are the same to
be 0.32 nm (the insets in Fig. 2(e) and (f)), which is corresponding with
that of (131) in Bi,WOg crystal (JCPDS#39-0256). It confirms that the
nanoplates of BWO@OV and OV@BWO@Ag samples are Bi,WOgq
crystal and the results agree with those of XRD characterizations
(Fig. 1). No lattice fringes were observed on Ag loaded nanoparticles
from HRTEM of OV@BWO@Ag, showing that the Ag loaded is amor-
phous, which agrees with the results of no observation of Ag XRD peaks
in XRD characterizations (Fig. 1). Fig. 3 shows EDX spectrum and ele-
ment composition of the OV@BWO@Ag sample. Only Bi, W, Ag and O
elements were detected. Ag concentration is 0.25 atom %. The ratio of
Bi (16.07 atom %): W (8.66 atom %) is close to that of Bi,WOg crystal.

3.2. EPR and UV-vis absorption spectra

Fig. 4(a) shows the EPR spectra of the BWO, BWO@OV and OV@
BWO@Ag samples. For BWO@OV and OV@BWO@Ag samples, there is
a clear EPR peak at g = 1.997, which is attributed to the electrons
trapped by OV [25]; while for BWO sample, no EPR peak was observed.
For BWO@OV and OV@BWO@Ag samples, OV has been successfully
introduced into BWO by the H, heated treatment.

Fig. 4(b) shows UV-vis diffuse reflection absorption spectra of the
BWO, BWO@OV, BWO@Ag and OV@BWO@Ag samples. Comparing
with BWO, the absorption edge of introducing OV sample (BWO@OV)
is red-shift, while BWO@Ag and OV@BWO@Ag samples have strong
absorption over 450 nm wavelength, which is attributed to localized
surface plasmon resonance of loaded Ag nanoparticles [26-28]. The
inset in Fig. 4(b) is the plots of (ahv)? vs hy (where, a is absorbance, h is
Plank's constant, v is light frequency) [8], and the Eg values of BWO,
BWO@OV, BWO@Ag and OV@BWO@Ag samples can be estimated to
be 2.97, 2.94, 2.86 and 2.84 eV, respectively.

Fig. 5(a) and (b) are XPS wide scan spectra of BWO and BWO@OV,
respectively. For BWO@OV sample, only Bi, W, O and C elements were
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Fig. 4. (a) EPR spectra of BWO, BWO@OV and OV@BWO@Ag; (b) UV-vis diffuse reflection absorption spectra of BWO, BWO@OV, BWO@Ag and OV@BWO@Ag,

the inset: the plots of (ahr)? vs ho.
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Fig. 5. XPS wide spectra of (a) Bi,WO¢ and (b) Bi,WOs@OV, and high resolution of (c) Bi4f and (d) W4f of the two samples.

detected (C is the contamination from air and equipment), showing no
impurities were involved in the sample during the H, heated treatment.
Fig. 5(c) shows Bi 4f XPS narrow scan spectra of BWO and BWO@OV,
the peaks at 159.3 eV and 164.4 eV are assigned to Bi 4f, , and Bi 4f5,»
of Bi** [29]. Comparing with BWO, the peaks of Bi 4f,,, and Bi 4fs 5 of
BWO@OV sample have a shift and decrease 0.2 eV. After peak fitting,
two peaks at 157.8 eV and 163.1 eV, attributed to Bi%*, were obtained
[29].

Fig. 5(d) shows W 4f XPS narrow scan spectra of BWO and BWO@
OV, the peaks at 35.4 eV and 37.5 eV are assigned to W 4f, , and W 4f5,
» of W8 [30]. Comparing with BWO, the peaks of W 4f,,, and W 4fs »
of BWO@OV sample also have a shift and decrease 0.1 eV. After peak
fitting, two peaks at 34.6 eV and 36.7 eV, attributed to W>™*, were ob-
tained [30].

XPS results also confirm that OV has been introduced in BWO@OV
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sample, because OV is with positive charges in crystal lattice, and parts
of Bi and W elements have to change their chemical valence from Bi®™*
and W™ states to Bi>" and W>* reduced states for maintaining charge
balance.

3.3. Photocatalytic performances

The photocatalytic activities of the 4 samples were measured by
photodegradation of Rhodamine B (Rh B) under visible light
(A > 400nm) irradiation. Also, commercial TiO, powder (P25,
Degussa) was measured for comparison. The Rh B concentration de-
gradation spectra and k values (photocatalytic reaction rate constant)
are shown in Fig. 6(a) and (b), respectively. A blank test (Rh B with no
catalyst) exhibited little photolysis, and the performance of TiO, (P25)
is lower than BWO. From Fig. 6(a), after 120min visible light

Samples

Fig. 6. a) Rh B concentration degradation spectra and (b) reaction rate constant k values. TiO, (P25) is for comparison.
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Fig. 7. (a) FL spectra of BWO, BWO@OV, BWO@Ag and OV@BWO@Ag; (b) A schematic diagram of possible mechanism of synergy effects.

irradiation, the values of Rh B degradation efficiency of the 4 samples
are OV@BWO@Ag (88%) > BWO@Ag (77%) > BWO@OV
(69%) > BWO (57%). Photodegradation reaction of Rh B follows
pseudo-first-order kinetics, i.e. kt = In(C/ Cp), and reaction rate con-
stant k is used to quantitatively characterize photocatalytic activity
[18,31]. The k values (Fig. 6(b)) of BWO, BWO@OV, BWO@Ag and
OV@BWO@Ag samples are 0.656 x 1072 0.969 x 102,
1.097 x 10~ 2 and 1.658 x 10~ ?min !, respectively. Comparing with
BWO sample, the k values of introducing OV modification (BWO@OV
sample) and loading Ag modification (BWO@Ag sample) increase by
1.47 and 1.67 times, respectively. The photocatalytic activities of BWO
can be improved by introducing OV modification or loading Ag mod-
ification, but the improvement is not significant. However, the k value
of co-modification (OV@BWO@Ag sample) increases up to 2.53 times,
showing that the co-modification by introducing OV and loading Ag can
largely promote the photocatalytic activities of BWO.

On one hand, the effect of OV concentrations on BWO visible pho-
tocatalytic activity was conducted by changing H, heated temperature
(150°C ~ 300°C) and confirmed by experiment that 200 °C heated
temperature is the best. On another hand, the influence of loaded Ag
concentrations on BWO visible photocatalytic activity was experi-
mented by controlling AgNO; solution concentrations (0.5 X 104,
1x107%2x 10" *and 5 x 10~ % mol/L), and confirmed that the best
Ag loaded concentration is 0.25 atom%. Greater content of Ag loaded
hinders the contact of reactants on BWO crystal surface and decreases
the photocatalytic activity, agreeing with the results of the reference of
[18].

Comparing with single modification of introducing OV or loading
Ag nanoparticles, the co-modification by both introducing OV and
loading Ag largely promotes the visible photocatalytic activities.
Meanwhile, OV@BWO@Ag sample has the lowest FL intensity among
the 4 samples (Fig. 7(a)), which indicates that the co-modification
sample has the best ability of electron/hole separation. The possible
mechanism is shown schematically in Fig. 7(b), ratiocinated by com-
bining with FL characterization results (Fig. 7(a)). OV in crystal lattice
can induce OV's energy states under CB [20], while according to that
the FL intensity of BWO@OV sample is lower than that of BWO sample
(Fig. 7(a)), the introducing OV promotes the separation of photo-
generated electron/hole pairs, therefore, it is reasonable to consider
that OV's states can trap the electrons excited from VB of BWO and also
can trap the photogenerated electrons transferred from CB of BWO. In
the case of co-modification of both introducing OV and loading Ag, the
photogenerated electrons on the CB of BWO, under the effect of
Schottky barrier, are transferred from CB to Ag loaded nanoparticles by
two ways: one way is directly through BWO crystal surface, and another
way is indirectly, i.e., electrons on CB are transferred first from CB to
OV's states inside crystal lattice, then transferred from OV's states to Ag

loaded nanoparticles (shown by the red arrows in Fig. 7(b)), resulting in
the best ability of separation of electron/hole pairs among the 4 sam-
ples and large promotion of photocatalytic activities. The co-mod-
ification by introducing OV and loading Ag has synergy effects to
promote the BWO’s photocatalytic activities. Further research is ex-
pected on the details of OV's states and electron transferring mechanism
in the BWO crystal lattice.

4. Conclusion

A new and facile co-modification has been developed by introducing
oxygen vacancies and loading Ag nanoparticles to largely enhance the
visible light photocatalytic properties of Bi,WOs. Comparing with
single modification of introducing oxygen vacancies or loading Ag, the
co-modification can largely increase the photocatalytic activities.
Introducing oxygen vacancies increases the separation of electron/hole
pairs, and has a synergy effect on semiconductor photocatalytic prop-
erties by combining with loading Ag nanoparticles, showing a new
technical route to promote semiconductor photocatalytic activities.
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