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GRAPHICAL ABSTRACT

ABSTRACT

The escalating issue of water pollution has sparked significant attention among researchers in the field of
photocatalysis. Consequently, it holds immense significance to develop photocatalysts that exhibit high charge
separation efficiency and stability for effectively degrading pollutants in water. In this study, OV-SboWOg-X
photocatalyst was synthesized by incorporating oxygen vacancies into pristine SboWOg. The introduction of
oxygen vacancies significantly enhanced the charge separation efficiency, resulting in a substantial improvement
in the photocatalytic activity. The content of oxygen vacancies was controlled by plasma treatment time, pro-
cessed for 10, 20 and 30 min, and electron paramagnetic resonance (EPR) test demonstrated the introduction of
oxygen vacancies successfully. Furthermore, X-ray photoelectron spectroscopy (XPS) characterized the internal
electron flow direction of the photocatalyst. OV-SbyWOg-20 showed the degradation rate of Rhodamine B (RhB)
that nine times of the SbyWOg, while the Tetracyclines (TC) degradation rate showed 3.5 times that of SbyWOg.
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Moreover, OV-SbaWOg-20 exhibited superior stability in terms of recycling activity and material structural
integrity. Additionally, free radical trapping experiments and electron spin-resonance spectroscopy character-
ization demonstrated that h* played a crucial role as the reactive species during the degradation process. This
research presents a viable approach for the modification of SbyWOg-based materials, enabling effective treatment
of dye wastewater and achieving successful purification.

1. Introduction

In recent decades, the rapid pace of industrialization has resulted in
the discharge of large volumes of industrial wastewater, leading to the
deterioration of our water environment [ 1,2]. Amongst the various types
of industrial wastewater, dye wastewater has emerged as a challenging
one to treat due to its significant discharge volume, low biodegrad-
ability, and high toxicity [3,4]. Traditional methods for sewage treat-
ment have encountered several issues, including high costs, low
efficiency and complexity [5]. Therefore, the implementation of pho-
tocatalytic technology for treating this printing and dyeing wastewater
has gained attention, showcasing efficient and non-toxic outcomes [6].
This advancement is crucial for expanding the scope of practical appli-
cations of photocatalysis. In recent years, in the treatment of wastewater
containing antibiotics and heavy metals, researchers have mainly con-
structed S-type heterojunctions with two catalysts, accelerated the flow
of electrons and promoted the degradation of photocatalytic pollutants
by establishing a built-in electric field [7]. For example, Bi-based ma-
terials are widely used in the field of photocatalysis, and Li et al. pre-
pared S-type heterojunction materials by modifying
Cdo.5Znp 5S/BiaMoOg with carbon quantum dots, which can efficiently
degrade antibiotics. In addition, BioWOg, BiOBr, etc. have been con-
structed heterogeneously, showing great performance improvement in
photocatalytic degradation of antibiotic-containing and Cr(VI) waste-
water [8].

Semiconductors with Aurivilius structures exhibit excellent elec-
tronic conductivity and suitable band gaps, making them highly prom-
ising visible light driven photocatalysis [9,10]. Among these materials,
SbaWOg as an Aurivillius-type ternary oxide, has a layered structure
consisting of alternatively aligned (Sby02)?* layer and (WO,4)? layer
[11-14]. Due to its unique laminar structure and physicochemical
properties, SbyWOg have been used in the field of photocatalysis.
However, its photointroduced carriers are easy to compound with holes,
which severely limits its further development in photocatalysis. As
found in previous studies of Sb,WOg materials that superoxide from the
reduction reaction pathway and ROS such as hydroxyl radicals from the
oxidation reaction pathway play an important role in the degradation of
organic pollutants [15]. Since the oxidation and reduction reactions are
complementary and mutually restrictive, theoretically promoting either
reaction pathway could improve the overall reaction rate [16]. There-
fore, improving the separation efficiency of photoelectron and hole is an
effective means to improve the rate of photocatalytic degradation of
pollutants [17].

Introducing oxygen vacancies on the surface of the catalyst is an
effective modification method to improve the catalytic performance
[18]. In recent years, oxygen vacancy modification has been used more
in Bi-based catalysts, and its composite products are widely used in CO5
conversion, NOy reduction and degradation of pollutants, making a
contribution to the mitigation of environmental pollution and energy
shortage. Gao et al. designed a new ultra-thin porous Bi;WOg with rich
surface oxygen vacancies [19]. The photocatalytic degradation of TC
activity is about 52.6 times that of the pristine BisWOg. The main reason
is that the introduction of oxygen vacancies increased the adsorption
energy of Oy and enhanced the chemoradsorption of Oy, thus activating
O, to generate more-O5. Shen et al. prepared oxygen-vacancy catalysts
by injecting Cu atoms into a thin monolayer of Tip 9102, which highly
selectively converted CO into C3Hg [20]. The reason for reaching such
an effect is that these oxygen vacancies regulate electronic coupled

interactions between Ti atoms, where the formation of unique Cu-Ti-VO
units in Ti can stabilize and reduce the energy levels of the intermediate,
tuning C;-C; and C;-Cy coupling to thermodynamically favorable
exothermic processes. Wang et al. proposed a photocatalyst constructed
from a small (1 mol%) amorphous BiOCl nanosheet assembled on TiO,
(expressed as 0.01 BOC/TiO3), which showed excellent performance in
the oxidation of toluene to benzene formaldehyde [21]. The amorphous
structure of BOC gives it rich surface oxygen vacancies (Ov), which can
further promote charge separation. In conclusion, the surface oxygen
vacancy of the material has the great advantages of promoting the
charge separation, increasing the chemisorption energy, and adjusting
the surface charge distribution, which is a relatively simple modification
strategy to improve the catalyst performance [22,23].

In this study, OV-SbyWOg-X materials were synthesized using a
simple solvent thermal method, followed by the introduction of oxygen
vacancies on the catalyst’s surface through plasma discharge treatment.
It was found that the performance of the photocatalytic degradation of
RhB and TC was greatly improved. OV-SbaWOg-20 showed the degra-
dation rate of RhB that nine times of the SboWOg, while the TC degra-
dation rate showed 3.5 times that of SbaWOe. Combining electron spin
resonance spectroscopy characterization and radical trapping experi-
ments proposed the degradation of pollutant pathway, where h™,-OH,
10, play a major role as a reactive material in the degradation process.
The introduction of oxygen vacancies suppresses the combination of
photogenerated electrons and holes, which allows the electron to pro-
duce more superoxide radicals from reduction reaction pathway of the
photocatalyst and accelerates the h* to guide two-step generation of
singlet oxygen and hydroxyl radicals. Furthermore, the structural and
photochemical properties of SbyWOg materials were characterized by
experimental techniques including XRD, UV-vis DRS, and XPS, and the
presence of oxygen vacancies was demonstrated by EPR and other tests.

2. Experimental
2.1. Reagents

Antimony trichloride (SbCls, 99 %) and sodium tungstate dihydrate
(NagWO04-2 Hy0, 99.5 %) were obtained from Aladdin Chemistry.
(Shanghai, China). Ethanol (99 %), Triethanolamine (TEOA, 99 %),
isopropanol (IPA, 99.7 %), 1,4-benzoquinone (BQ, 98 %) and l-trypto-
phan were received from Sinopharm Chemical Reagent. (Shanghai,
China). In this experiment, deionized water was used whenever any
unstated solution.

2.2. Preparation of Sb,WOg and OV-Sb,WOg

SboWOg was synthesized by solvothermal method using the ethanol
and H»O0 as the solvent. 0.228 g of SbCl3 and 0.165 g of NaaWO4-2 H,0
were dispersed in 15 mL of ethanol and in 15 mL of H0, respectively.
The sodium tungstate solution was then added successively to the
antimony trichloride solution. After continuous stirring for 30 min,
adjusting the mixed solution pH to 2, then pouring into 50 mL Teflon-
lined autoclave, which was heated and maintained at 180 °C for 12 h.
Next, the precipitates were centrifuged after two hours later, repeatedly
washed with ethanol and water, and dried at 60 °C to obtain SboWOQg.
50 mg of antimony tungstate was dissolved in anhydrous ethanol, son-
icated for 30 min to disperse evenly, then coated on quartz glass sheets
and dried with a xenon lamp. The quartz glass sheet was put into the
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dielectric blocking reactor, evenly fed into the gas, and the current
voltage was applied for plasma discharge. After the treatment by 10/20/
30 min later, a defective antimony tungstate photocatalyst was ob-
tained, named as OV-SbyWOg-10, OV-SboWOg-20 and OV-SboWOg-30.
The specific flow chart is shown in the Scheme 1.

2.3. Measurement of photocatalytic properties

The performance of the Sb,WOg on photodegraded pollutants was
assessed with 10 mg/L RhB as the target contaminant. Weigh 25 mg of
photocatalyst was added to the glass photocatalytic reactor, and then
50 mL of 10 mg/L RhB solution was added to the reactor. A 250 W Xe
arc lamp with an appropriate UV cut-off filter (A > 400 nm) was used as
the light source for this study, and the experimental temperature was
kept at 30 °C by using a thermostatic circulating water system to
effectively avoid the influence of thermal catalysis on this experiment.
Before turning the light source on to start the photocatalytic reaction,
the suspension mixed with the target pollutant and the photocatalyst
was sonicated uniformly and magnetically stirred in the dark to achieve
adsorption-desorption equilibrium. At a certain time interval, 3 mL of
the solution was sampled using a syringe and immediately centrifuged
and filtered out of the catalyst particles for subsequent analysis. The
concentration of Rhodamine B(RhB) and Tetracyclines(TC) was
measured by a UV-vis spectrophotometer (UV-1800, Shimadzu, Japan)
by checking its maximum absorption wavelength at 553 and 356 nm.
The K value is evaluated by the following equation:

G

—kt=In—*
nCO

where the C; is the pollution concentration at the reaction time of t min,
Co is the pollution concentration after dark reaction.

2.4. Characterization of materials

The X-ray diffraction (XRD) patterns were using Shimadzu XRD-
6100 with Cu Ka radiation in the range of 26 from 10° to 80°. X-Ray
photoelectron spectroscopy (XPS) measurements were tested on VG
MultiLab 2000 system with a monochromatic Mg-Ka source operated at
20 kV. The morphologies were characterized by Transmission electron
microscopy (TEM) (JEOL JEM-2010 microscope) at an accelerating
voltage of 200 kV and Scanning electron microscopy (SEM) (JSM-
7800 F microscope). Shimadzu UV-2450 spectrophotometer were used
to record the diffuse reflection spectra (DRS) of the prepared samples in
the range of 200-800 nm with solid BaSOy4 slices as the reference.
Electron spin resonance (ESR) spectra were conducted on a Bruker
model ESR JES-FA200 spectrometer. The electrochemical impedance
spectroscopy (EIS) and photocurrents were measured on a CHI660B
electrochemical system.
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3. Results and discussion
3.1. Characterizations

3.1.1. Morphologies of photocatalysts

The surface morphology of the prepared samples was analyzed using
SEM and TEM. Fig. 1a-b presents the SEM of the pristine Sb,WOg images
at different magnification. It can be observed that the pristine SboWOg
sample consists of uniformly shaped spheres. A single sphere within the
pristine SboWOg sample consists of multiple nanosheets arranged in a
three-dimensional hierarchical structure. To further confirm the layered
structure of the nanosheets, Fig. 1c¢ shows a TEM (HRTEM) image inset
of a single pristine SboWOg sphere (Fig. 1b). The HRTEM image clearly
reveals lattice fringes at the edge, indicating a well-defined crystal phase
structure with a lattice spacing of 0.33 nm in the SbyWOg sphere,
consistent with the (211) crystal surface spacing of the standard
SboWOg. Fig. 1d-f depict the SEM and TEM images of the plasma-treated
OV-SbyWOge-20 sample, respectively, which exhibit the same size and
three-dimensional structure as the pristine SboWOg. The lattice fringes
in the images have a spacing of 0.44 nm, corresponding to the (111)
crystal surface [18]. The only distinction from the pristine SboWOg is the
slightly roughened nanosheet surface, attributed to the successful
introduction of oxygen vacancies through Ar etching.

Fig. 2a displays the XRD patterns of the pristine Sb,WOg and OV-
SbaWOg-20 with different durations of Ar plasma treatment. The peaks
observed at 20.1°, 26.80°, 32.78°, 36.49°, 40.22°, 47.33°, 49.81° and
53.27° correspond to the characteristic peaks of triclinic phase SboWOg
(JCPDS No. 50-1553) [24]. Importantly, the characteristic diffraction
peaks of OV-SbyWOe-20 show no significant shift, indicating that the
crystal structure of material remains unchanged after the simple plasma
treatment. Notably, the XRD peak intensity of the treated
OV-SbaWOg-20 is higher to the other treated materials, approaching the
peak intensity of the pristine SbyWOg. This straightforward modification
method enables the rapid preparation of the desired materials.

The chemical composition and valence states of the materials were
analyzed by XPS [25]. The peaks observed at 284.78 eV (Fig. 2b) are
assigned to the C 1 s and serve as a reference. The high-resolution XPS
spectra of the aforementioned elements are presented in Figs. 2c—2e. The
Sb 3d signal in SboWOe was deconvoluted to Sb 3ds,2 and Sb 3ds/s,
corresponding to the binding energies of 539.8 eV and 530.5 eV,
respectively (Fig. 2¢) [26]. The W 4 f spectra of SbaWOg can be decon-
voluted to the peaks of W®'4fs s, WO T4y, WOT4f; 5 and WO 4fs o
correspond to binding energies of 37.8 eV, 34.4 eV, 35.6 eV and 36.0 eV
(Fig. 2d) [11,27]. As shown in Fig. 2e, the O 1s spectrum shows a peak at
530.5 eV, but the detailed attributed is challenging due to the over-
lapping the interweaving of the Sb 3d and O 1 s binding energy ranges
(526-534 eV) [9]. The O 1 s spectra can be deconvoluted into W-O, Sb
3ds,2 and Sb-O peaks, corresponding to binding energies of 530.2 eV,

Scheme 1. Schematic illustration of Sb,WOg with oxygen vacancies by Ar plasma treatment.



Q. Peng et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 681 (2024) 132724

Fig. 1. (a, b) SEM images, (c) TEM and HRTEM images of pristine Sb,WO¢ nanostructures; (d, e) SEM images, (f) TEM and HRTEM images of OV-SbyWOg-20

nanostructures.

Fig. 2. (a) XRD patterns of as-prepared samples; (b) high-resolution XPS spectra of as-prepared samples survey, (c) Sb 3d, (d) W 4 f, and (e) O 1 s; (f) EPR spectra of

as-prepared samples.

530.5 eV and 530.9 eV, respectively [27,29]. In particular, the charac-
teristic peak belonging to the lattice oxygen at 528.2 eV disappeared on
the O 1s spectra of OV-SbyWOe-20, indicated that the lattice oxygen
escaped upon plasma treatment. Importantly, the Sb, O, and W peaks in

the OV-SbyWO4-20 sample show a red shift compared to the pristine
SbaWOg, suggesting that the presence of oxygen defects impacts electron
transfer. This suggests that some W°" atoms in SbyWOg are reduced to
W5* due to the formation of oxygen vacancies. To further demonstrate
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the elevated concentration of oxygen vacancies in the catalyst due to
plasma treatment, analysis of EPR spectra was conducted. As depicted in
Fig. 2f, both OV-SbyWOe-20 and SbyWOg exhibit an EPR signal at
g=2.002, corresponding to a single electron captured in an oxygen
vacancy [28,30]. The signal intensity of OV-SbaWOg-20 is significantly
enhanced compared to the original SbaWOg, providing evidence that the
plasma treatment effectively increases the oxygen vacancy concentra-
tion in the catalyst.

In Fig. 3a, a diagram depicted the sample treated with plasma for
various durations under an Ar atmosphere, revealing that the color of
the sample surface becomes brighter with increasing plasma treatment
time [20]. Based on the aforementioned EPR tests, it can be inferred that
the escape velocity of the oxygen atoms on the surface of the photo-
catalyst occurs more frequently. The optical absorption of the SboWOg
samples was measured with a UV-vis diffuse reflectance spectrometer
[31,32] (Fig. 3b). All prepared samples exhibited robust absorption in
the UV and visible regions, with absorption band edges around 550 nm.
The light absorption intensity of OV-SbyWQOg-20 did not change too
much, indicating that the introduced oxygen vacancy does not change
its bandgap size. The band gaps of the pristine SboyWOg and
OV-SbayWOg-20 are 2.12 eV and 2.14 eV, respectively (Fig. 3¢), which
are suitable for the photocatalytic reaction. Mott-Schottky plots of
SbaWOg and OV-SbyWOg-20 samples were used to evaluated the effect
on charge carrier concentration. As shown in Fig. 3d and e, the flat
potential (Egg) for Sb,WOg and OV-SboWOg-20 is — 0.60 Vand — 0.61 V
(relative to Ag/AgCl (pH=6.8)). The Epp measured using the Ag/AgCl
reference electrode can be converted to a normal hydrogen electrode
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(NHE) potential using the following equation [32,34]:
Erp = Eagiagcr + 0-059 pH + E(/)\g/AgCla

where the electrolyte pH is 6.8 and Egg/Agcl is 0.197 eV. Thus, Egp value
of SboWOg and OV-Sbo,WOg-20 are calculate as — 0.00 and — 0.01 vs.
NHE. In addition, for n-type semiconductors, the Ecp is very close to the
(negative voltage increase —0.3 V) Egp. Thus, the Ecp values for Sbo,WOg
and OV-SbyWOg-20 are equivalent to — 0.30 and — 0.31 V vs. NHE.
Respectively. Combined with the UV-vis DRS, the corresponding Eyp
values for SboWOg and OV-SbyWOg-20 were calculated as 1.82 and
1.83 eV vs. NHE. Schematic diagram of the energy band structure of as-
prepared samples is shown in the Fig. 3f.

To further investigate the impact of oxygen vacancies on the sepa-
ration of photogenerated electrons and holes, the photoelectric prop-
erties of SboWOg and OV-SbyWOg-20 were also measured [23]. The
photocurrent curves of the pristine SboWOg and OV-SboWOg-20 were
presented in Fig. 3g. It can be observed that OV-SboWOg-20 demon-
strates a higher photocurrent density compared to SbayWOg upon
photoexcitation, suggesting a greater efficiency in the separation of
photogenerated electron-hole pairs [33]. Furthermore, the charge
transfer in the photocatalyst was evaluated using the EIS Nyquist plot
[34]. As depicted in Fig. 3h, the Nyquist diagram of OV-SbaWOg-20
exhibits a smaller minimum arc radius in comparison to pristine
SboWOg, indicating a lower charge transport resistance in
OV-SbyWOg-20 [22,35]. This lower resistance facilitates the transfer of
photogenerated electrons and holes from the bulk of the sample to its

Fig. 3. (a) physical diagram of the as-prepared samples; (b) UV-vis diffuse reflection spectra of the as-prepared samples; (c) (ahv)'/? versus hv plots, (d) VB spectra
and (e) Mott-Schottky plots of as-prepared samples; (f) Schematic diagram of the energy band structure of as-prepared samples; (g) Photocurrent responses; (h)
Electrochemical impedance spectra Nyquist curves and (i) Room-temperature PL spectra of prepared samples.
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surface. In addition, photoluminescence (PL) was performed to charac-
terize the radiative recombination process of photoexcited carriers,
which demonstrated the efficiency of carrier separation in a photo-
catalyst [36]. Fig. 3i displays the PL spectra of SbyWOg and
OV-SbyWOg-20 excited at a wavelength of 310 nm. The PL intensity of
OV-SbayWOge-20 is observed to be weaker than that of the pristine
SbaWOg, indicating that OV-SboWOg has lower electron and hole
recombination rates [37,38]. Above characterization results indicated
that the separation efficiency of photogenerated electron-hole pairs of
samples with oxygen vacancies by plasma treatment was improved.

3.2. Photocatalytic activity evaluation

RhB as a common organic pollutant, was selected as a target
contaminant in this experiment to assess the photocatalytic performance
of SboWOg materials. As shown in Fig. 4a, RhB solution was photo-
degraded in the absence of a catalyst and it was found that there was no
degradation effect, indicating that the catalyst was the primary sub-
stance contributing to degradation. Moreover, the adsorption perfor-
mance of the catalyst was tested under dark conditions, as shown in
Fig. S1, demonstrating that the adsorption effect was not obvious and
did not affect the degradation reaction. The catalytic degradation of RhB
under visible light was less than 20 % within 6 h by pristine Sby,WOe. In
contrast, the OV-SbyWOg-20 material showed a huge improvement in
degradation performance, with the degradation rate of RhB arrived at
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72%, which was much higher than that of OV-SbaWOg-10 (60 %) and
OV-SbaWOg6-30 (55 %). To further quantitatively evaluate the photo-
catalytic activity of the different photocatalysts, the kinetic curves were
recorded in Fig. 4b. Clearly, the k value of OV-SbaWOg-20 (0.27 h His9
times of SbyWOg (0.03h™1), and 1.6 times that of OV-SbyWOg-10
(0.168 h™Y), and 2 times that of OV-SbaW0g-30 (0.126 h™1), respec-
tively (Fig. 4c). Here, we also make table statistics on the performance
improvement multiple of different catalysts after modification, as shown
in Table S1, indicating that the performance improvement of SbyWOg is
relatively large. The reason why the degradation performance of OV-
SbaWOg-20 is better than the other two plasma-treated samples is that
the introduction of less oxygen vacancies will enhance the charge sep-
aration capacity less, while the introduction of excessive oxygen va-
cancies will affect the surface structure of the photocatalyst [6,20]. In
addition, TC was selected as an additional target pollutant to continue to
evaluate the performance of the photocatalyst. Fig. 4d-f shows the ac-
tivity of the degraded TC, the kinetic curve and the first-order kinetic
constant k-value plot [39]. During the same time period, OV-SbaWOg-20
exhibited the highest photodegradation effect, with a degradation rate
3.5 times faster than pristine SboWOg, 1.6 times faster than
OV-SbyWOg-10, and 1.4 times faster than OV-SbyWOe-30. The k value of
pristine SbyWOg, OV-SbyWOg-10, OV-Sb,WOg-20 and OV-SbyWOs-30 is
0.036, 0.072, 0.126 and 0.084 h’l, which all corresponding the result of
degrading RhB.

The photocatalytic stability of the best sample was investigated by

Fig. 4. (a) Photocatalytic degradation of RhB; (b) Pseudo-first-order kinetics for the degradation of RhB by different photocatalysts under visible light irradiation; (c)
K value of degrading RhB by as-prepared samples; (d) Photocatalytic degradation of TC; (e) Pseudo-first-order kinetics for the degradation of TC by different
photocatalysts under visible light irradiation; (f) K value of degrading TC by as-prepared samples; (g) Photocatalytic recycling test; (h) SEM and (i) XRD spectra of

OV-Sb,WOg-20 after recycling test.
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cycling experiments under visible light. As shown in Fig. 4g, OV-
SbaWOge-20 samples showed essentially catalytic activity after four cy-
cles, indicating excellent photocatalytic stability of the material. The
SEM showed that the structure was still spherical, with no chemical
change in the solution. The structure of the materials after the cycle was
used XRD to experiment. As shown in Fig. 4i, the characteristic signals
intensity of OV-SbyWOe-20 sample has no significant change after four
cycle tests, and no signal peaks belonging to SboWOg have disappeared,
demonstrating the strong structural stability of the materials.

Furthermore, to explore the mechanism of RhB degradation by
SbaWOg photocatalysts, radical trapping experiments were performed.
The study chosen EDTA, BQ, IPA and I-tryptophan as scavengers of h™,
.03, -OH and 10, respectively [22]. As shown in the Fig. 5a, the
degradation rate of RhB was significantly inhibited by the addition of
EDTA, indicating that h* play a major role in the degradation process.
The photocatalytic degrade RhB performance of OV-SboWOg-20 was
also affected slightly when I-tryptophan, p-benzoquinone and IPA were
added, demonstrating that 102, -O3 and -OH exhibit second roles in this
system [40]. The ESR test was further used to illuminate the type of the
active species. In Fig. 5b-e, characteristic signals of -O3, -OH and 10,
were absent in pristine Sb,WOg and OV-SbyWOg-20 samples under
darkness. The characteristic peaks of -OH, -O3 and 10, were observed in
pristine SboWOg and OV-SbaWOg-20, indicating that -OH, -O3 and 1o,
active substances can be produced under light conditions. Notably, the
response characteristic peak signal intensity of OV-SbyWOg-20 samples
was significantly larger than the pristine SboWOsg, indicating rapid
production of active species [41]. Furthermore, the signal peaks in
Fig. 5b correspond to the production of light-generated holes, and the
signal intensity of h' is significantly weakened under visible light irra-
diation, indicating that the holes are continuously consumed as the re-
action occurs. Because the potential of OH/-OH (2.40 V vs. NHE) is
more correct than the valence bands of both OV-SbyWOg-20 and
SbaWOg, -OH cannot be formed under visible light irradiation, but -OH
can also be generated by a two-step reaction of -O3. Thus, the enhanced
photocatalytic performance of OV-SbaWOg-20 can be attributed to the
introduction of oxygen vacancies, which accelerates the separation of
photogenic electron-hole pairs during the reaction.
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When EDTA was added, the degradation effect was found to decrease
sharply, indicating that the main active substance is h*, and the pro-
duction process of -OH could be attributed to the following reactions : .

OV-SbyWO6-20 4+ hv — ¢ + h"
0, +e— -0y

-03+h" = 10,

0, + hv—> 10,

03 +¢ +2h" = Hy0,

H,0, + ¢ — -OH + OH

In conclusion, combining the results of ESR and radical trapping tests
showed that OV-SbaWOg-20 produced more active species in the pho-
tocatalytic degradation of RhB than in SbyWOg alone. The photo-
catalytic mechanisms of OV-SboWOe-20 catalyst were proposed by the
above analysis results, and Fig. 5f exhibited the diagrammatic sketch.
The electrons in the ground state are excited by visible light, separated
from the holes, and form light-generated holes and light-generated
electrons in the valence and conduction bands, respectively. Electrons
on the CB of SboWOQg can react with O, to form the -O5. Under visible
light illumination, photoinduction of SbaWOg surface in situ generates
photoelectron hole pairs, and photoelectron transfer to the surface with
surrounding oxygen molecules to form -OH, 102 and -03. The h™, 102,
-03 and -OH generated during photocatalysis effectively removed RhB
and TC.

4. Conclusion

In this study, the OV-SbaWOg photocatalyst with oxygen vacancies
was synthesized based on the synthesis of SbyWOg materials using
plasma treatment under Ar atmosphere. The introduction of oxygen
vacancies on the surface of the catalyst accelerated the separation effi-
ciency of photoproduct carriers. The degradation rate of RhB and TC by
OV-SbaWOg-20 was 9 times and 3.5 times to that of pristine Sb,WOg
under visible light. Free radical capture experiments show that h™ was

Fig. 5. (a) Trapping experiment of RhB over OV-Sb,WOg-20, ESR spectra of radical species (b) h*, (c) e03, (d) ¢OH and (e) 10, with pristine SboWOg and OV-
Sby,W0O6-20; (f) Mechanism spectra of the degradation of RhB by OV-SbaWOg-20 catalyst.
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the main active species during degradation. The efficiency of RhB
removal did not change substantially after four cycle tests, demon-
strating the stability of the degradation effect of OV-SboWQg-20. The
circulating samples were tested for XRD and SEM, and the sample
structure was not broken and had good structural stability. This work
demonstrates that the defective regulation design of Sb,WOg materials is
feasible to improve the performance of pollutants in degraded water.
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Figure S1. Reaction profile of RhB and TC in the dark in the presence of the

photocatalyst.



Table S1. The performance improvement of different types photocatalysts in the field
of photocatalytic degradation.

Organic Light Multiple/After
Photocatalyst Rate Constant Reference
Pollutant Source modification
K-gCsNy4 RhB Vis 0.0029 min-! /
(1]
ACB-K-gC3Ny(1: 2) RhB Vis 0.0119 min'! 4.10
BiWOe RhB Vis 0.00531 min™! /
SBB RhB Vis 0.01461 min! 2.8 =
CdS RhB Vis 0.05833 min"! /
SRPg03/CdS RhB Vis 0.1034 min’! 1.8 ol
TiO; RhB Vis 0.00109 min"! /
5%CODs+TiO, RhB Vis 0.01574 min™! 14.4 [4]
BiVO4 RhB Vis 0.00290 min"! /
GO/BV RhB Vis 0.003828 min’! 1.31 o)
ZnO RhB Vis 0.0047 min"! /
Zn0O-rGO RhB Vis 0.0247 min’! 5.26 el
BOC RhB Vis 0.028 min™! /
BOC-CTAB RhB Vis 0.181 min™! 6.46 7
BOB RhB Vis 0.074 min"! /
BOB@NCQDs-5 RhB Vis 0.187 min’! 2.53 -
Bi2MoOg RhB Vis 0.0049 min! /
BC-1 RhB Vis 0.0352 min™! 7.18 v
SbaWOs RhB Vis 0.00191 min"! /
1% CQDs/SbaWOg RhB Vis 0.01346 min™! 7.04 1ol
SbaWOs RhB Vis 0.03 h'! /
This work
OV-Sb,WOs-20 RhB Vis 0.27 h! 9
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