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ABSTRACT

Bi,WO, with enhanced photocatlytic degradation performance was successfully synthesized by a
facile O, etching method. The photocatalysts were characterized by X-ray diffraction, scanning elec-
tron microscopy, and ultraviolet-visible diffuse reflectance spectra. Characterization results revealed
that the O, treated Bi,WO, photocatalyst has abundant of oxygen vacancies, which could effectively
restrain recombination of photon-generated carriers, broaden light absorption region, serve as pho-
tocatalytic reaction center. Moreover, the photocatalytic activities of the prepared photocatalysts
were evaluated by the photocatalytic degradation of benzidine under a xenon lamp irradiation. The
photocatalytic activity of treated Bi,WO, photocatalyst samples with O, pose a greater improve-
ment. Among that, the O,-Bi,WO,-3-4 modifying with ozone flux of 3.0 L/min for 4 h photocatalytic
degradation of benzidine wastewater reached ~76.0% in 180 min under the irradiation of xenon
lamp light (A = 420 nm), which is about ~2.1 times higher than that of pure Bi; WO,. Moreover, the
photocatalytic activities of the modified Bi,WO, via O, exhibit without significantly decrease after
four cycles, indicating that the photocatalyst has a favourable application prospect.
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1. Introduction

It is well-known that photocatalytic process is an envi-
ronmental technology in hydrogen generation, contaminant
degradation, nitrogen photofixation, and so on recently
[1-5]. Studies have revealed that photocatalyst is crucial to
photocatalytic technology. Since then, a large number of pho-
tocatalysts have been developed successively by researchers
in recent years [6-13]. Among those photocatalysts, Bi, WO,
is a kind of Aurivillius type oxide, which has been paid
much attention for its high specific surface area, higher light
absorption capacity, and so on [14]. For instance, as early as
in 1999, Kudo successfully fabricated Bi,WO, through solid
phase method for the first time, which possesses favorable
photocatalytic activity under visible light irradiation [15].

* Corresponding authors.

However, the narrow absorption range and low migration
rate of photo-generated charges of Bi,WO,, which restrict
the performance of photocatalytic degradation of pollutants
[16]. Since then, with an aim to overcome the drawbacks of
Bi,WO,, more and more scientific literatures have been pub-
lished about the modification of Bi,WO,, such as morphol-
ogy control, elements doping, construction of hetero-junction
structure [17-28]. For example, BiPO,/Bi,WO, heterojunction
photocatalyst was synthesized, which could absorb sun-
light efficient for photocatalytic degradation of organic
contaminants [29].

As is well known, O, is an oxidative and corrosive gas,
which is used as a deodorizer, bleaching agent, and a dis-
infectant in the treatment of wastewater and drinking water
[30]. Zhang et al. [31] reported a novel TiO, photocatalyst
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via ozone modification method. Meanwhile, in order to
improve the photocatalytic nitrogen fixation activity, our
group synthesized g-C,N, photocatalyst using ozone etch-
ing method, and we found that the ozone treated g-C N, has
enhanced Brunauer-Emmett-Teller (BET) specific surface
area, reduction property, and photo-induced charge migra-
tion efficiency [32].

In this study, the Bi, WO, photocatalyst was firstly treated
with O, etching method. The properties of the phtotocata-
lyst samples have been characterized via X-ray diffraction
(XRD), scanning electron microscopy (SEM), and ultra-
violet-visible (UV-Vis) analysis. Furthermore, the photo-
catalytic activities of the materials have been evaluated by
degradation of benzidine wastewater in the photo degra-
dation process, which is effective way to solve the environ-
mental issue of the extensive use of benzidine.

2. Experimental set-up
2.1. Chemicals

All the chemicals (analytical grade), primarily includ-
ing bismuth nitrate pentahydrate [(Bi(NO,),-5H,0, 299.0%)],
potassium iodide (KI, 299.0%), sodium tungstate dihydrate
(Na,WO,2H,0, 299.5%), ethylene glycol (C,HO,, 298.0%),
anhydrous ethanol (C,HO, 295.0%), benzidine (C,H,N,,
295.0%), isopropanol (C,H,OH, 298.0%), tert-butanol
(CH, O, 299.0%), were purchased from Shanghai Aladdin

Biochemical Technology Co., Ltd., (China) and without fur-
ther treatment.

2.2. Synthesis of the photocatalysts
2.2.1. Preparation of Bi, WO,

The Bi,WO, photocatalyst was prepared as follows: A cer-
tain amount of Bi(NO,),-5H,0 and Na,WO,-2H,O were dis-
solved in 20 mL ethylene glycol, respectively. Subsequently,
the above solutions were mixed together under magnetic
stirring, and then, the mixed solution was transferred into
100 mL autoclave, heated at 160°C for 24 h. The resulting
product was filtered, washed with deionized water, absolute
ethanol several times, respectively, and dried in the air [33].

2.2.2. Fabrication of Bi,WO, via O, modification

The ozone treated Bi,WO, was obtained through O, etch-
ing method. In a typical synthesis, the Bi, WO, suspended
solutions were treated according to the ozone gas at rate of
X L/min for Y hours, which was denoted as O,-Bi, WO -X-Y.

2.3. Characterization of photocatalysts

All the photocatalyst samples were determined using
X-ray power diffraction (XRD, 5°/min, 10°~80° in 26,
SmartLab SE, Japan), scanning electron microscopy (SEM,
FlexSEM 1000, Hitachi, Japan), Fourier-transform infrared
(FT-IR, Nicolet is50, China), and X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250Xi, USA), Brunauer-Emmett-
Teller (BET, ASAP2020, America). In addition, the optical
and electronic properties were characterized on a UV-Visible
spectrophotometry (UV-Vis, Lambda 950, PerkinElmer,

America) and electrochemical impedance spectroscopy (EIS,
CHI760E, Shanghai Chenghua Technology Co., Ltd., China).

2.4. Photocatalytic activity measurement

The photocatalytic activity of the as-synthesized sam-
ples was carried out in a slurry reactor containing benzi-
dine solution (~200 mL, 5.0 mg/L). A Xe lamp was used as
a sunlight source. During given time intervals, ~8.0 mL sus-
pension liquid were collected, centrifuged immediately, and
the concentration of benzidine after illumination was deter-
mined by checking the absorbance at ~553 nm adopting a
UV-Vis spectrophotometer.

3. Results and discussion
3.1. XRD analysis

The phase compositions of the as-synthesized samples
were analyzed by XRD. As depicted in Fig. 1, the diffraction
peaks of Bi,WO, are consistent with the standard card of
rhombic Bi, WO, (PDF No0.39-0256) [34]. Meanwhile, there is
no significant change in the phase compositions of Bi,WO,
via ozone modification. It’s an interesting phenomenon that
the intensity of the diffraction peaks of the Bi, WO, photocat-
alysts at the (131), (200), (202), and (331) crystal planes are
comparatively reduced after ozone etching process, suggest-
ing that the effects of O, etching can inhibit the growth of
corresponding crystal face.

3.2. SEM analysis

The surface morphology of the ozone treated Bi,WO,
and pure Bi,WO, photocatalyst samples were investigated
by SEM. As Fig. 2 depicts, it could clearly demonstrate that
the morphologies of the photocatalysts are sphere with
hierarchical microstructure, which is consists of a large
quantity of Bi,WO, nanosheets, and no other morpholo-
gies were observed. After ozone modification is introduced,
the morphologies of the Bi, WO, almost remains unchanged.
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Fig. 1. X-ray diffraction patterns of the photocatalysts” modified
and unmodified Bi,WO,. (a) Pure Bi,WO,, (b) O,-Bi,WO,-2-4,
(c) O,-Bi,WO,-3-1, and (d) O,-Bi, WO -3-4.
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Fig. 2. Scanning electron microscopy images of the modified and unmodified Bi,WO, samples. (a—c) Pure Bi,WO, and

(d-f) O,-Bi,WO,-3-4.

3.3. XPS analysis

With an aim to determine the surface properties of sam-
ples, XPS was used to characterize the chemical composition
of the ozone treated Bi,WO, and pure Bi,WO,. The survey
XPS spectrum in Fig. 3a clearly reveals the existence of Bi, O
and W element. Among them, the oxygen peak at ~530.2 eV
can be attributed to the lattice oxygen of photocatalyst, and
from the absorbed O, and H,O on the surface. Compared
with Bi,WO,, the binding energy of O 1s at ~534.1 eV, man-
ifesting the existence of abundant oxygen vacancies (OVs)
[35] (Table 1). Furthermore, the obtained W/O mass ratio of
samples were ca.~6.39, ~9.15, respectively, suggesting the
oxygen vacancies are formed in photocatalyst via ozone
modification. Meanwhile, it can be observed that two strong
peaks with binding energy of ~159.3 and ~164.65 eV, assigned
to Bi 4f,, and Bi 4f,, respectively. The high-resolution of
W 4f at ~36.0 and ~38.0 eV, corresponding to W 4f , and
W 4f_, peaks, respectively [36-38].

5/2

3.4. FT-IR analysis

In order to identify the changes in the functional groups
of the Bi, WO, via O, modification, the as-prepared samples
were further monitored by FT-IR spectroscopy. As shown in
Fig. 4, the two characteristic peaks at ~3,428 and ~1,369 cm™
are ascribed to the bending vibration of O-H, respectively.
While the characteristic peaks at ~820, ~730 and ~568 cm™
are ascribed to the stretching of W-O-W, W-O and BI-O, it
indicates that the structure of Bi, WO, has not been changed
via O, modification.

3.5. UV-Vis analysis

The UV-Vis diffuse reflectance spectra and band gap
of Bi,WO, and O,-Bi,WO,-3-4 composite are displayed in
Fig. 5. It can be seen that the Bi,WO, and O,-Bi,WO-3-4

samples have an intense adsorption within the range of
400-800 nm. Meanwhile, the absorption ability of the ozone
treated Bi,WO; is enhanced, so it can be inferred that the
oxygen vacancies exist in O,-Bi,WO,-3-4, thus altering its
optical properties. In addition, the band gaps of the as-pre-
pared photocatalysts were calculated using the Kubelka—
Munk equation. It is found that the gaps of Bi,WO, and
O,-Bi,WQO,-3-4 is ~3.06 and ~3.07 eV, respectively.

3.6. BET analysis

N, adsorption—-desorption experiments were employed
to determine the specific surface area and pore size of the
as-prepared photocatalysts. Fig. 6 reveals the N, absorp-
tion-sorption isotherms of Bi, WO, and O,-Bi,WO,-3-4, which
belong to type III according to the IUPAC classification,
demonstrating the presence of mesopores in the samples [39].
As shown in Table 2, the surface area of Bi,WO, has almost
no change via ozone etching. In addition, the smaller pore
volume and pore diameter of O,-Bi,WO,-3-4 is can adsorb
easily benzidine molecules, thus enhanced the degradation
performance of benzidine.

3.7. Photoelectric property analysis

With an aim to monitor the photoelectric property of
as-prepared photocatalyst, the transient photocurrent and
EIS were obtained using electrochemical workstation. As
shown in Fig. 7a, the O,-Bi,WO,-3-4 displays approximately
1.3 times higher photocurrent intensity than pure Bi,WO,,
suggesting that the O,-Bi,WO,-3-4 photocatalyst probably
present more separation efficiency of photogenerated carri-
ers in the photocatalytic reaction system under light irradi-
ation. Hence, the higher photocurrent density is attributed
to the separation of photoinduced carriers in the photocata-
lyst [40]. Furthermore, the EIS of Bi, WO, and O,-Bi,WO-3-4
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Fig. 3. X-ray photoelectron spectroscopy diagram of the modified and unmodified Bi,WO, samples. (a) Bi,WO, and O,-Bi, WO-3-4,
(b) O 1s of Bi, WO, and O,-Bi,WO,-3-4, (c) W 4f of Bi, WO, and O,-Bi,WO,-3-4, and (d) Bi 4f of Bi, WO, and O,-Bi,WO,-3-4.
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Fig. 4. Fourier-transform infrared spectra of pure Bi, WO, and O,-Bi,WO-3-4.

samples were measured. The impedance curve radius of
Bi,WO, is larger than that of O,-Bi,WO,-3-4, indicating that
0O,-Bi,WO,-3-4 sample has more effective photoinduced
charge separation properties at the interface of photo-
catalyst [41].

3.8. Photocatalytic performance of photocatalyst
3.8.1. Effect of O, modification time

Fig. 8a shows that degradation rate of benzidine by pure
Bi,WO, was 31.5%. O, promoted photocatalytic activity of
the Bi, WO, before 5 h of modification (degradation rate was
73.8%), but treatment of O, for too long may inhibit its deg-
radation performance, and the degradation rate decreases

to 64.8% at 5 h. With Electrochemical performance analy-
sis (Fig. 7), O, modification made the Bi,WO, photocurrent
intensity increase, which benefits oxygen vacancies to pro-
mote photogenerated carrier separation and strengthened
the photocatalytic activity of the Bi, WO,.

3.8.2. Effect of O, flux

The degradation rate of Bi, WO, treated with O, for 4 h
reached the highest 53% at 3.0 L/min (Fig. 6b), comparing
with pure Bi,WO,, the degradation efficiency was nearly
doubled. It is worth mentioning that the degradation effi-
ciency of Bi, WO, treated under the flux of 1.5, 2.0, and 4.0 L/
min ozone is improved to a certain extent, and the deg-
radation rates were 48.2%, 43.8% and 36.5%, respectively.
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Fig. 8. The influence of: (a) ozone modification time (dose = 0.2 g; volume = 200 mL; concentration = 5.0 mg/L; flux = 3.0 L/min;
pH = 7.0), (b) ozone flux (dose = 0.2 g; volume = 200 mL; concentration = 5.0 mg/L; t = 4 h; pH = 7.0), (c) pH (dose = 0.2 g; vol-
ume = 200 mL; concentration = 5.0 mg/L; flux = 3.0 L/min; ¢t = 4 h) and (d) O,-Bi,WO-3-4 repeated use experiments (dose = 0.2 g;

volume = 250 mL; concentration = 5.0 mg/L; pH =7.0).

Table 3

Comparison of photocatalytic efficiency obtained in this work to other textile wastewater degradation studies’

Pollutant Photocatalyst Dye conc. Dye volume Doping Optimum pH Irrad. time Eff.  References
(mg/L) (mL) materials doping (min) Y%
Methyl orange dye CQD/TiO, 20 20 CQD 1:10 11 180 719  [42]
Textile wastewater ~ TiO,-Anthill clay 3.01 50 Anthill clay 2:3 2 60 70.92 [43]
Methylene blue ZnO/ZTO 3.12 nr ZnO 1:15 8.37 180 94 [44]
Methylene blue Ca,(PO),(OH), 5 150 nr nr nr 360 54 [45]
Congo red CdS/g-CN, 25 50 CdSs 1:1 7 10 100  [46]
Methylene blue Al-F/TiO, 4 10 ALF 1:2:10 nr 120 83 [47]
Methyl orange dye Ag/ZnO 15 nr Ag 1:100 11 180 84.67 [48]

“This table is indicative and any comparisons are subject to additional variables such as the catalyst surface area and initial pH of the solution.

Note: nr: not reported.

3.8.3. Effect of solution pH

The pH of the dye solution is an important factor in the
photocatalytic process. To study the impact of the pH on
photodegradation efficiency, experiments were carried out
in pH ranges of 4.0-10.0, at fixed initial dye concentration
(5.0 mg/L), and photocatalyst dose (0.20 g O,-Bi,WO,-3-4)
for 180 min Xe irradiation. It was observed that the increase
of pH from 4.0 to 10.0, decreases the photodegradation
efficiency (from 78.6% to 45.0%). The experimental results
showed that higher degradation efficiency was found in

the acidic medium alkaline medium than in the neutral and
alkaline medium. This was formed due to the acidic solution
provides a large amount of h* to participate in the reaction
as the active group in the solution.

3.8.4. Reusability of the O,-Bi,WO-3-4 photocatalyst

The result of the catalyst reusability and stability stud-
ies is presented in Fig. 8d. The photocatalytic degradation
process was conducted under the optimum conditions of
O, modification time of 4 h, O, flux of 3.0 L/min and dye
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solution pH of 4.0. The photocatalyst was reused for four
reaction cycles, and the dye removal efficiencies for the
cycles were obtained to be 75.8%, 73.1%, 69.2%, and 67.2%,
respectively. It was observed that the benzidine removal
efficiency declines insignificantly as the reaction cycle pro-
ceeds, indicating that the prepared O,-Bi, WO,-3-4 catalyst
has a stable degradation effect.

4. Conclusions

The main objective of this work is to investigate the effect
of ozone on photocatalytic performance of Bi, WO, and its
mechanism. In conclusion, compared with pure Bi,WO,, the
O, treated Bi, WO, with abundant of oxygen vacancies could
effectively restrain the recombination of photon-generated
carriers and enhance photocatalytic degradation properties.
The optimized values for ozone flux, treated time, and pH,
were 3.0 L/min, 4 h, 4.0, respectively. At these conditions,
the removal percentage for benzidine wastewater was pre-
dicted to be 73.8%, which is about ~2.1 times higher than that
of pure Bi,WO,. Compared with other pure phase or other
modified photocatalysts, O,-Bi,WO,-3-4 showed consider-
able degradation capacity (Table 3).

In practice, more work is required toward establishing
Bi,WO, as an effective photocatalytic for a wide range of tex-
tile wastewaters. Real textile wastewaters often contain sev-
eral dyes, some of these may compete with benzidine. This
would result in lower removal efficiency for benzidine and
an overall decreased performance for the photocatalytic.
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