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Abstract

A high-performance micro-nano photocatalyst is urgently needed in the green and
economical photocatalytic process for energy utilization and organic pollution control.
Herein, a 3D Z-scheme heterojunction consisting of oxygen vacant bismuth tungstate
nanosheets (BWO-OV) and oxygen-enriched graphitic carbon nitride (OCN) was
developed, which shows large specific surface area and good electrical conductivity. A
built-in electric field can be formed in this 3D structure, which accelerates the
interfacial charge transfer. The oxygen vacancies of BWO-OV#{lI e formation of
local defect energy levels below conduction band, wh improve the light
harvesting capability. The oxygen-rich structur OCN Dbenefits the oxygen

reduction to generate H202, and the black b enhance the light absorption

capability. As expected, the BW &d heterojunction showed unusual
photocatalytic efficiency towar%

under visible light. The phdgogengrated holes (h™) and superoxide radicals (+O2") were

found to play the%@’n TC degradation process. Moreover, the effect of actual

water matrix on TC Qegradation over BWO-OV/OCN heterojunction was investigated.

dation of tetracycline (TC) (0.047 min™?)

This work highlights a feasible way to design high-efficiency oxygen vacant bismuth-

based photocatalysts, which shows the potential for real wastewater treatment.

Key-words: OCN; BWO-0OV; oxygen vacancy, Z-scheme heterojunction

photocatalyst; tetracycline degradation.



1. Introduction

Recent years, water pollution caused by organic pollutants has become a serious
problem [1-4]. More and more people have paid attention to the wastewater treatment
[5-7]. Compared with the traditional technologies, such as adsorption process [8],
ozone oxidation [9, 10], electrochemical process [11, 12] and biotreatment [13-15],
photocatalysis, with broad application prospects in energy utilization and
environmental pollution control [16-20], is a green and efficient method for organics
removal from water [21-23].

Bismuth tungstate (BWO) with typical perovskite la ucture constructed
by [WO4]* - [Bi202]** - [WO4]* layers, has developed for photocatalytic
application under visible light irradiation. W@e ons are photoexcited from Bi

4p orbital to Bi 6p orbital, the layeregd St will form an internal electric field,

which will help to enhance t on of photogenerated carriers, and then
improve the photocatalytic@y 24-26]. Inducing oxygen vacancy on BWO can
tailor its electro t s to allow the formation of local defect energy levels
below conduction b&gd (CB), which can improve the light harvesting capability [27].
Additionally, oxygen vacancies are the most reactive sites for reactants activation
owing to the production of localized electrons [28].

Recently, oxygen vacant BWO (BWO-OV) with good photocatalytic activity,
has attracted widespread attention. For example, Kong et al. [27] studied the

photocatalytic activity of BWO-OV for CO2 reduction. Yuan et al. [29] found that the

introduced oxygen vacancy of BWO/CuBi204 Z-scheme heterojunction increased the
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generation of «O2", which benefited the tetracycline (TC) degradation. Wang et al. [30]
designed Bi2WOe.x nanosheets with tunable Bi quantum dots and oxygen vacancies,
which exhibited the enhanced activity for selective oxidation of aromatic alcohols to
carbonyl compounds in aqueous medium. Huo et al. [31] proved that BWO with
gradient oxygen vacancies enhanced photocatalytic NO oxidation activity. Overall,
BWO-OV shows great potential for photocatalysis. However, BWO-OV is limited by
the carrier separation efficiency. Construct heterojunction is found to be an effective
technology to solve this limitation [32, 33].

Graphitized carbon nitride (g-CsNas), as a popular lyst, shows large
surface areas, fast carriers transport, and strong r tion ability of photogenerated
electrons [34-36]. Constructing heterojunct@ g-C3Ns4 is a mature way to
enhance the photocatalytic activity [3Z41]Y Yy, Zhu’s group [42] proposed a novel
oxygen-enriched graphitic ca e (OCN), which was synthesized by
introducing C-O-C and O@%triazine ring structure of g-C3sNa4. The oxygen
reducibility and ler tion efficiency of OCN were proved to be better than g-
C3Ns. And OCN generate H>O> more easily owing to the oxygen-enriched
structure and the black body nature enhance the light absorption capability [42]. The
combination of OCN and BWO-OV was firstly proposed in this work to realize
efficient separation efficiency and boost photocatalytic performance.

In this work, we constructed 3D BWO-OV/OCN heterojunction by simple
hydrothermal method. The structure and morphology of prepared samples were

explored via SEM and TEM. The photoelectric property was also studied in detail.
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The photocatalytic activity of samples was investigated via TC degradation. As an
antibiotic, TC is widely used to treat bacterial infections in humans and livestock
because of its high efficiency and wide spectrum [43, 44]. But owing to its chemical
stability and antibacterial nature, the released TC on water is hardly removed, and
now being a threat for environment [45, 46]. As a result, the removal of TC is urgent.
Green and efficient methods are needed, like photocatalytic process in this work. The
degradation intermediates of TC were analyzed through LC-MS, and then the
decomposition pathway was discussed. Besides, the effects of &t ater matrix and
other reaction conditions on TC degradation over BW N heterojunction
were studied. The active radicals generated durig®ythe reaction were trapped by

identified experiments to explore the role ting reactive radicals in the

photodegradation process. For BWO- \&eterojunction, i) the induced oxygen

vacancies benefit the exposure @ ites, ii) the black body nature and oxygen-
rich structure of OCN Wo@wance the light absorption capability, and then the
photocatalytic p m@an be improved. Notably, this work provided a simple
approach to synth&§ize high-efficiency oxygen vacant bismuth-based Z-scheme
heterojunction photocatalyst, which is anticipated for the organics removal in real
wastewater treatment.
2. Materials and methods
2.1. Materials

Octadecyltrimethylammonium chloride (OTAC) was brought from Shanghai

Debai biotechnology Co. Ltd. Sodium tungstate dehydrate (Na2,WO4 2H20), Bismuth
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nitrate  (Bi(NO3)3 5H20), dicyandiamide (C2H4N4), ammonium paratungstate
(H4oN10041W12 XH20), Tetracycline (TC), isopropanol (IPA),
Tetramethylpiperidinyloxy (TEMPO) and sodium oxalate (C2Na2O4) were purchased
from sinopharm Chemical Reagent Co. Ltd.
2.2. Preparation of OCN

OCN was synthesized via simple calcination by previous report [42]. Firstly,
4,204 g (50 mmol) of dicyandiamide and 1.521 g (0.5 mmol) of ammonium
paratungstate were transferred into a lidded corundum crugcig{e iX thoroughly.
Then the mixture was calcined at 500<C for 4 h with the ate of 3 T min™,
Finally, the product was obtained after cooling to r temperature.

2.3. Preparation of BWO-OV/OCN

0.1 g of Na2WO4 2H20 (0.3 m O4g of OTAC (0.115 mmol) were

poured into 40 mL of deioniz

about 0.243 g of Bi (NO3)@ :0 5 mmol) was added while being stirred on the

multi-point mag ter stirring for 1 h, 0.475 g the prepared OCN was added,

fter completely dissolved, the powder of

and the new mixt§e was continued mixing overnight. The mixture was then
transferred into teflon-lined high-pressure reactor (100 mL) and reacted in a 140 <C
oven for 24 h. Finally, the obtained products after filtration were washed several times
by deionized water and ethanol respectively. After drying at 60 <C for 12 h, the final
4BWO-OV/OCN composite was obtained. xBWO-OV/OCN (1: x in weight = OCN:
BWO-OV in weight) heterojunction photocatalyst was obtained by adding different

amount OCN. BWO-OV was prepared by the same procedure without adding OCN.
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The BWO-OV with different weight ratio in composite of 25 wt%, 50 wt%, 66 wt%,
75 wit%, 80 wt%, 83 wt% were prepared and signed as 0.33BWO-0OV/OCN, 1BWO-
OV/OCN, 2BWO-0OV/OCN, 3BWO-OV/OCN, 4BWO-0OV/OCN, 5BWO-OV/OCN,
respectively.
2.4, Characterization

Powder X-ray diffraction (XRD-6100, Cu Ko radiation, A=0.15418 nm) was used
to check the crystal structure of the prepared composites with the scanning range from
10°to 80< Scanning electron microscopy (SEM) (SIGMA H n) was used to
characterize the morphology and transmission electron mic TEM) (JEM-2010,
JEOL, Japan) was used to check the crystal lattic ameters. The functional group
of composites was collected on Fourier tran red spectrometer (NICOLET,

iN10). And the specific surface areagggn volume of the prepared composites

were characterized by Brunauey eller (BET) method. The surface chemical
elemental compositions an@aljvce state were examined using X-ray photoelectron
spectroscopy (XF? B 250Xi spectrometer) with Al Ko source (hv = 1486.6
eV). The existenceNof oxygen vacancies was detected by electron paramagnetic
resonance (EPR) analysis without light irradiation at the temperature of 77 K.
Ultraviolet visible diffuse reflectance spectra (UV-vis DRS) were recorded on a
Varian Cary 300 spectrophotometer from 200 to 800 nm (BaSOs as reference
material).

2.5. Photocatalytic performance test

Under the irradiation of a 300 W Xe lamp (CEL-HXF300, Ceaulight) with 420

7



nm cut filter (155 mW cm?), TC degradation efficiency was used to evaluate the
photocatalytic performances of the prepared composites. Before the irradiation, 0.1 L
of TC solution (10 mg/L) with 0.02 g of OCN, BWO-0V, and xBWO-OV/OCN was
stirred under the dark condition for 1 h to achieve adsorption saturation state. In the
light experiment process, 0.003 L of the reaction solution was taken out at given time
interval to filtrate with a 0.22 pm filter membrane. Then, the obtained TC solution
was determined by a Shimadzu UV-vis spectrophotometer (UV-2770) with the

characteristic peak at 357 nm. In the application of water matrig t iangjiang River

water, Taozi Lake water and tap water (Changsha, Hunan, ere firstly filtrated
by a 0.22 pm filter membrane and repeat the ab teps. Finally, according to the
analysis of the Liquid Chromatography-M% S) system, the degradation
intermediates were detected. The degalle were presented in Supplementary
Material.
2.6. Photoelectrochemical @ve species trapping experiments

Photoelectr m st was performed on electrochemical workstation
(CHI760E). SodiumWulfate solution (Na>SOs, 0.2 M) was used as the electrolyte, and
the light source was supplied by a 300 W xenon lamp (CEL-HXF300, Ceaulight)
fitted with a 420 nm cutoff filter (155 mW cm2). The platinum wire was used as the
counter electrode and Ag/AgCl electrode were utilized as the reference electrode. The
working electrode was prepared by our photocatalyst: 0.01g of the sample was

appended to 0.001 L of 25% (W/V) PVA solution and sonicated for half an hour to get

suspension. Then, the suspension was coated onto a fluorine-doped tinoxide (FTO)
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glass (1 > 2 cm?) which was respectively precleaned by acetone, ethanol and
deionized water. Finally, the obtained electrode was laid in an oven at 110 <C for 60
min. The photocurrent-time measurement (IT) was measured on an applied voltage of
0 V with the light on or off every 20 seconds. The electrochemical impedance
spectroscopy (EIS) was collected on an applied voltage of 0 V with an amplitude of
0.005 V over a frequency between 1072 and 10° Hz. Moreover, Mott-Schottky curve
were also recorded at the frequency of 1000 Hz. The electron spin resonance (ESR)
signals of radical were exhibited on a Bruker ER200-SRC specgo by engaging 5,
5-dimethyl-1-pyrroline N-oxide (DMPQ) in water under\Q light illumination.
Moreover, sodium oxalate (SO-2Na), tetramethyl idine (TEMPO) and isopropyl
alcohol (IPA) were used to further detecte@ cts of holes (h*), superoxide
radical (¢O2") and hydroxyl (*OH) on ion.
3. Results and discussion @
3.1. Characterizations ()
XRD was u @ crystal structure of prepared materials. As shown in

a, the XRD patterr§y of xBWO-OV/OCN heterojunction were overlapped the strong
diffraction peaks of OCN and BWO-OV, which proved the two-phase composition.
The peaks of BWO-OV located at 28.3< 32.9< 47.1< 56.0< 58.5< 69.1< 76.1°and
78.3<corresponded to the (131), (200), (202), (133), (262), (083), (2120) and (402)
crystal planes of orthorhombic BWO (JCPDS NO. 39-0256), respectively [47]. There
was no foreign peak, suggesting highly purified of the prepared samples. The peak of

OCN at 27.46°was corresponding to the characteristic stacked conjugated aromatic
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systems peak (002) of g-C3N4 [48]. However, the peak of OCN in xBWO-OV/OCN
heterojunction were uneasily to observe. This was probably because the intensity of
diffraction peaks over OCN were much lower than BWO-QOV. On the other hand, it
was hard to differentiate the peak position of the (131) crystal plane of BWO-OV and
(002) diffraction plane of OCN, which was quite close (28.41°vs 27.469). In addition,
the peak width of the (131) planes in composites (from 25.97<to 30.32< was wider
than BWO-OV (from 27.19°to 29.639), that was might because the (002) diffraction
plane of OCN was covered. According to the change of XR%, it proved the
successful preparation of composites.

The molecular structures of samples wer ther investigated by Fourier

transform infrared (FTIR) spectra. b sh elative FTIR spectra of OCN,

BWO-0OV and 4BWO-OV/OCN. The g0sON@ig# bands of OCN at 3200 cm™ and 800
cm™ were related to the existe group [42] and the out-of-plane bending
mode of the triazine units [R9] regpectively. And the stretching vibration of the C-O—
C group was sug absorption bands at 1273 and 1062 cm™ [50, 51]. As for
BWO-QV, the obvi®ys absorption bands at 3472 and 1622 cm™ were owing to the
stretching and bending of O-H group, respectively [52]. The obvious absorption bands
at 581, 724 and 812 cm™ were attributed to the stretching of Bi-O, W-O and W-O-W
groups, respectively [52, 53]. In addition, the absorption band at 1027 cm ~* was
attributed to the stretching of C-O-C. The main absorption bands of BWO-OV were

similar with the 4BWO-OV/OCN because BWO-OV was a carrier in the complex.

Comparing with the spectrum of BWO-OV, the spectrum of 4BWO-OV/OCN
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changed at the range of 500-600 cm™2, which attributed to the absorption of OCN.
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Fig. 1 (a) The XRD patterns of BWO-0OV, OCN and xBWO-OV/OCN; (b) FT-IR
spectra of OCN, BWO-0OV and 4BWO-OV/OCN.

The morphology and microstructure of OCN, BWO 4BWO-OV/OCN
were characterized by SEM and HRTEM. SEM imgetyn Fig. 2a presented the regular
nanosheets of OCN. Fig. 2b showed that consisted of nanosheets with
smooth surface. Fig. 2c showed th &ostructure of 4BWO-OV/OCN was
hat something covered on the surface of

similar to BWO-QV, but it Wa%
BWO-0OV in SEM imageQof O-OV/OCN. These SEM images preliminarily

proved the succ I@ation of BWO-OV/OCN composite. More details were

shown by HRTEM iNage. The HRTEM image of OCN were presented in Fig. S1. The
d spacing value of the lattice fringe was 0.36 nm, corresponding to the OCN (002)
plane. Fig. 2d showed the d spacing value of the lattice fringe was 0.273 nm,
corresponding to the BWO-OV (200) plane [54]. The edge of prepared 4BWO-
OV/OCN was square laminar in Fig. Ze. Fig. 2f verified the co-existence and intimate
connection of OCN and BWO-OV. Except for the lattice fringe of BWO-OV, the d

spacing values of the lattice fringe were 0.25 and 0.38 nm, which were respectively
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related to the (001) plane of graphite carbon and (002) plane of tungsten oxide [42].
The added tungsten source was conducive to the formation of oxygen-rich structures
in OCN, but with the calcination temperature increasing, tungsten oxide was produced.
The d spacing of 0.25 nm was slightly larger than g-C3Na4 (0.24nm) because of the
information of oxygen-enriched structures. In addition, it was found a clear interface
between OCN and BWO-OV. According to the above analysis, the BWO-OV/OCN
heterojunction was formed, which was important in the following photocatalytic

experiments to research their high photocatalytic performance.

BWO-0V(200)
d=0.273nm

Fig. 2 SEM images of (a) OCN, (b) BWO-OV and (c) 4BWO-OV/OCN; TEM image
of (d) BWO-0OV, and (e and f) 4BWO-OV/OCN.

The specific surface areas of OCN, BWO-OV and xBWO-OV/OCN were
measured by N2 adsorption-desorption isotherms. In Fig. 3a, the existence of
mesopores were indicated by the typical IUPAC type IV pattern with a Hz hysteresis
pore based on the principles in the IUPAC Brunauer-Emmett-Teller classification [55,

56]. According to Table S1, the specific surface areas of OCN, BWO-OV and 4BWO-
12



OV/OCN were measured to be 35.98, 15.71 and 66.01 m?/g, respectively. And the
relative pore volumes were respectively 0.14, 0.09 and 0.35 cm®g. The surface area
of 4BWO-OV/OCN was increased compared with OCN and BWO-OV because the
presence of OCN enhanced the dispersion of BWO-OV [57]. The large surface area of
composite could provide more reaction sites, which was similar with the adsorption
performance.
The surface chemical elemental component and state were verified by XPS in
b ~ f. b exhibited the XPS spectra of OCN, \/ and 4BWO-
OV/OCN, which suggested C and O were the primary ele nd the elements of
BWO-OV and 4BWO-OV/OCN were nearly similagJhe XPS spectra of C 1s (

c) with three strong peaks at 288.0 and 28 e respectively assigned to the

N=C-N and C-O, and the sp2 carbon d to 284.8 eV [42]. However, around

at 286.9 and 288.7 eV, two pea C-0O and COO bonds respectively showed
up in BWO-OV and 4BW N [58]. The O 1s XPS spectra (Fig. 3d) of OCN
showed two str t 530.1 and 531.5 eV belonging to W-O and C-O,
respectively. For th 1s spectra (Fig. 3d) of 4BWO-OV/OCN and BWO-QV, three
strong peaks around 529.9, 531.3 and 532.4 eV belonged to W-O, surface
chemisorbed oxygen species (Oags) and Bi-O, respectively [30, 59]. As expected, the
peak intensity of surface chemisorbed oxygen species was strong, which reflected the
concentration of oxygen vacancy [27]. The Bi 4f XPS spectra of BWO-OV and

4BWO-OV/OCN were showed in Fig. 3e. The binding energies of 166.1 and 160.9

eV (5.2 eV of doublet separation energy) in 4BWO-OV/OCN were belonging to Bi
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4f;, and Bi 4fs; indicating the existence of Bi*. In addition, there were two
additional peaks at 159.2 and 164.5 eV, which came from Bi of lower valence state
(Bi®®*) [60]. It might be related to the oxygen atoms loss within BWO-OV.
Therefore, low-temperature solid-state electron paramagnetic resonance (EPR) was
taken on to prove the existence of oxygen vacancy. The EPR signal of the oxygen
vacancy could be seen in the Fig. S2. Therefore, the high-resolution Bi 4f XPS and
EPR signal verified the existence of oxygen vacancy. Fig. 3f showed the W 4f XPS
spectra of BWO-OV and 4BWO-OV/OCN, two main peaks,o t 35.2 and 37.3
eV (2.1 eV of doublet separation energy) in 4ABWO-0OV/O ged to W 4f7; and
W 4fsp0, respectively. Compared with the O 1s, Bi d W 4f XPS spectra of BWO-

OV, the binding energy of 4BWO—OV/OCN® ward lower binding energies
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Fig. 3 (a) N2 adsorption-desorption isotherms of OCN, BWO-OV and 4BWO-
OV/OCN; XPS analysis of OCN, BWO-0OV and xBWO-OV/OCN composite: (b)

survey spectra, (c) C 1s, (d) O 1s; (e) Bi; (f) W 4f.
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3.2. Photoactivity test

In this work, the catalytic properties of xBWO-OV/OCN heterojunction were
tested by the degradation efficiency of TC under irradiation. In addition, the effects of
water source and other reaction conditions on the reaction results were also studied in
detail. The adsorption of TC reached equilibrium after the dark reaction for 60 min.
The absorbance spectra of TC were provided in Fig. S3, which suggested the TC
degradation over 4BWO-OV/OCN. And the photocatalytic degradation efficiency of
TC via xBWO-OV/OCN heterojunction was showed in a, 62.94% of
TC was degraded by BWO-OV after 60 min irradiation. A N, only 30.22% of
TC was removed. The photocatalytic degradation efsyjency of TC increased when the
mass ratio of BWO-OV increased. TC remov cJeMey reached highly 96.16% with
mass ratio of BWO-QV increased to &ver, when the BWO-OV content was

@ ance couldn’t improve anymore. Besides,

the photocatalytic degrad@inetics of TC was exhibited in b. 4BWO-

higher than 80%, the photocata

OV/OCN was ic@’as the suitable photocatalyst to apply to the next
photocatalytic tests€pecause of its highest rate constant of 0.047 min~t. And the
comparison of the photocatalytic performance of 4BWO-OV/OCN and several
reported catalysts was listed in Table S2.

Additionally, the degradation intermediates of TC were monitored through LC-
MS method, which helped to put up the reaction mechanism. Table S3 exhibited the
typical intermediates. In addition, Fig. S4 showed that as the reaction progressed, the

intensity of the peak with m/z of 445 (TC) gradually decreased and almost
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disappeared after 60min, which was similar with the photocatalytic degradation
results. Holes (h*) were vital for the degradation of TC, which caused N-
demethylation process [61]. Hydroxyl (*OH) could cause dehydration and
hydroxylation process, which also facilitated to the degradation of TC. The possible
degradation processes were put forward in . There were three main degradation
pathways. In the pathway I, TC was attacked by *OH to produce intermediate NO2.
Then NO2 was attacked by h*™ to generate NO3, which could participate in the
pathway Il. In the pathway Il, h* could also directly attack RO generate NO3,
which could also be attacked via the N-demethylation rate NO4. In the
pathway Il1, because of the deamidation of TC,

was produced, and then was

converted to NO6 which was attributed to th )

benzene rings opening and addition, si&hydroxyl and ethyl groups, NO7 and

of dimethylamino. Due to the

NO8 were detected. Finally, N enerated through the abscission of acetyl

group and oxidation reactidq [64. TC was degraded by suffering successive attacks.

re verified by previous studies [61, 62]. In a word, these

The degradation
detected intermedi®es identified that 4BWO-OV/OCN made the progressive

degradation of TC via the photocatalytic process.
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Fig. 4 (a) Degradation efficiency and (b) kinetics (k / min™t) of TC under visible light

by OCN, BWO-0OV and xBWO-OV/OCN composites.
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Fig. 5 The possible degradation processes of TC by 4BWO-OV/OCN under visible
light irradiation.

Water matrix is vital on practical application. The effects of different water
matrix on the degradation of TC by 4BWO-OV/OCN were researched via four
different water matrixes, which were deionized water (DW), tap water (TW), Lake

water (LW) and River water (RW). a showed the elaborate information of
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different water matrix. And b showed the photocatalytic degradation efficiency
of TC attained 96.16%, 85.74%, 78.44%, and 84.80%, and the rate constant were
0.047 min'%, 0.028 min™%, 0.021 min™%, and 0.028 min™* ( ¢) in UW, TW, LW, and
RW, respectively. The Zeta potentials might well explain this phenomenon. If the Zeta
potentials were more positive, the adsorption of TC on the catalysis could be inhibited.
Adsorption is the first step of the reaction, which can affect the degradation efficiency
of TC. The Zeta potentials of different water sources (Table 1) decreased in the order
as follows: LW>RW>TW>DW, which was consistent with t e%tion efficiency
of TC.

In addition, electrolytes have strong effe the photocatalytic activity.
Therefore, it was significant to study the @ different inorganic salt ions

including NOs™, CI7, SO4* and PO43g0n actical application of photocatalytic

technology. In a and b, c salt ions had an adverse impact on the

photocatalytic degradation @and the decreasing order was PO4>~ > SO, > CI™ >
NO3". It was repv t@:f not only could be used as hydroxyl radical quenchers
but also competed a¥§sorption sites with TC [62, 63]. In addition, competition for the
occupation of the active site led to the inhibition of SO4%~ and NOs™ [64]. All these
reasons caused its negative effect on tetracycline degradation. Besides, the Zeta
potentials could also explain the phenomenon [65]. Table 2 showed the Zeta potentials
on TC solution, except for NO3™, the Zeta potentials of other ions were more positive
than that of the condition (—2.46 £ 2.5), which might restrain the adsorption of TC on

the catalysts. Hence, the enhanced electrostatic repulsion might decrease the
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photocatalytic efficiency and the competitive adsorption for the finite active sites were
also reduced the photocatalytic efficiency [66]. As for NOs™, the main reason was that
NOs~ absorbed the solar light ranging from 290 - 370 nm, which caused the light-
filtering effects. Hence, it had a certain negative effect on the photocatalytic reaction
[67]. According to the above analysis, in practical application, the photocatalytic

process by 4BWO-OV/OCN composite was an efficient technology.
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Fig. 6 (a) The elaborate information of different water sources; (b) degradation
efficiency and (c) kinetics of TC by 4BWO-OV/OCN by using various water sources

(k / min™1),
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Fig. 7 (a) Effects of different inorganic salts on the degradation efficiency and (b)
kinetics of TC by 4BWO-OV/OCN (k / min™%).

Table 1 Zeta potentials and pH on different water sou c%ining 4BWO-

OV/OCN

Samples DW TW RW® LW

Zeta
potential(mV) —246 £15 0.13 +2, 1+2.7 0.98 +2.3

pH 6.96 & 6.98 7.15
Table 2 Zeta potentials and pH on t lon containing 4BWO-OV/OCN with

different inorganic salt ions.

Inorganic saltions  Non

Zeta potential
(mV)

pH ®6 9.96 6.26 6.88 6.41

3P0y Na2SO4 NaCl Na2NO3

—2. 5 19#+23 -049+%17 22=33 —2.7+*19

a. Test conditions: m/v = 0.2g/L, TC (100mL, 10mg/L), and inorganic salt ions
concentration (0.5mM).
3.3. Photocatalytic mechanism
3.3.1 Optical and Electrical property

UV-vis DRS was used to verify the optical property of composites. a
showed the UV-vis DRS spectra of OCN, BWO-0OV and xBWO-OV/OCN, which

could be found that the response edge of BWO-OV was shorter than 450 nm, while
20



xBWO-OV/OCN showed enhanced the light absorption ability in the range of 450-
800 nm. As a blackbody nature, OCN showed the highest light absorption. With the
introduction of OCN, xBWO-OV/OCN had more efficient light utilization ability,
which suggested OCN played an important role in the enhanced absorption of the
visible light. b and ¢ showed that the bandgap of OCN and BWO-OV were 2.51
and 2. 91 eV, which were obtained by the following formula with the UV-vis DRS
data:
ahv = A (hv — Eg) "2 1)

Where o indicates the absorption coefficient, h indicates nstant, v indicates
the light frequency, A indicates proportionality co t and Egindicates the band gap
energy. There are two value of n as 1 am@ in keeping with direct band

semiconductors, as for indirect band tors, the value of n is 4. Therefore,

the value of n for OCN and BW

Ece = Eve — Eg Q (2
Where Ecs is € t(ﬂwd, Evs is valence band and Eq is the band gap. e
and f showed t& OCN and BWO-OV were 1.93 and 2.59 eV, which were
obtained from XPS spectra. Therefore, the Ece of OCN and BWO-OV were assumed
to be -0.60 and -0.32¢eV.

We also proved this assumption by the Mott-Schottky experiment [66]. In h
and i, the plot of OCN and BWO-OV were positive, indicating both of them were n-

type semiconductor [68]. The results were also fitted with the previous reports that the

flat band potential equaled the conduction band potential for n-type semiconductor
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[69]. The flat band potential was attained by extrapolating to the intercept of the x-
axis. Therefore, the Ecg of OCN and BWO-QV could be speculated to be around -0.6
eV vs. NHE and -0.32 eV vs. NHE, which were fit with the deduction between UV-vis
DRS and XPS spectra.

In addition, photoelectrochemical characteristics were also investigated by
electrochemical impedance spectroscopy (EIS) and including photocurrent-time

measurement (IT), which displayed the photoresponse ability and the transfer

properties. In d, these samples, OCN, BWO-OV and 4 -G{/OCN exhibited
obvious transient photocurrent response. 4BWO- showed higher
photocurrent intensity under visible light irradi which proved the improved

separation of electrons and holes. The results @ BWO-OV/OCN exhibited the

highest photocurrent response abilityglh facial charge-carrier separation and

transfer efficiencies were vindic, analysis. The EIS spectra of OCN, BWO-
OV and 4BWO-OV/OCN \@esented in Fig. 8g. Corresponding equivalent circuit
diagram was ins @ 89, which could be used to simulate the semicircles in
the EIS Nyquist plo§. 4BWO-OV/OCN shows a smaller semicircle radius and lower

interfacial charge transfer resistance than OCN and BWO-OV, indicating the

improvement of interfacial charge-carrier separation and transfer [70].
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Fig. 8 UV-Vis diffuse reflectance of the prep sites (a), the band gap energy
of OCN (b) and BWO-0OV (c), trangient urrent response curves (d), the VB
XPS spectra of OCN (e), and B , EIS spectra (g), M-S analysis of OCN (h)
and BWO-QV (i) film elec@ .5M of NazSO;4 solution with pH set up in 5.96.
3.3.2 Roles of ra Sl

Radical specie§yplay important part in the photocatalytic degradation of most
pollutants. The main radical species on the degradation process of TC by xBWO-
OV/OCN were studied by ESR. Fig. 9a showed there was no *OH radical signal.
However, Video. S1 exhibited the composites generated a little *OH radical in the first
15 seconds. It was suggested that *OH radical was consumed fast, which proved *OH

radical didn’t play important role in the reaction. Fig. 9b showed that O radical

signal was detected after visible light irradiation, proving the generation of <Oz
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radicals under irradiation. Hence, the photocatalytic performance of xBWO-OV/OCN
heterojunction might improve. Active species trapping tests also were used for
monitoring the radical species produced in the reaction. When SO-2Na, TEMPOL and
IPA were added, the photocatalytic efficiency of TC degradation was different in

c. It was clearly that SO-2Na and TEMPOL made the degradation efficiency restrain
greatly, while IPA made it decrease slightly, indicating that h* and <Oz were vital to

the catalytic reaction. As for *OH radicals, just a little amount of them took part in

photocatalytic degradation of TC.

DMPO - -OH
10 min

5 min

0.4441
Dark
}

' DMPO - -0,
10 min

Intensity (a.u.)

00 02 04 06 08 10
Field (mT) Degratation ratio

Fig. 9 DMPO spin-trappifg EQR spectra of 4BWO-OV/OCN composites: (a) in
aqueous dispersi r -«OH and (b) in aqueous dispersion for DMPO-+O;"; (c)
scavenger tests: &olscavengers of TEMPO, 10 mmol of SO-2Na and IPA in 100
mL 10mg/L TC solution.
3.3.3 Possible mechanism of the enhanced photocatalytic activity

According to the above analysis, a possible Z-scheme mechanism for
degradation of tetracycline was proposed in . The VB of composites was 2.53

eV, close to that of BWO-OV, which meant the h* still on the BWO-OV in 4BWO-

OV/OCN. According to the previous reports, it might form direct Z-scheme [71]. In
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addition, based on the analysis of radical species, the «O,” and *OH species were also
taken part in the reaction, which meant the generation of the species. Because the CB
of BWO-0V (-0.32 eV) was more positive than that of O,/+0" (-0.33 eV), and the VB
of OCN (1.93 eV) was more negative than that of H.O/*OH (2.4 eV) [66], according
to the traditional heterojunction transfer process, there were no production of <O and
*OH species. Hence, it was reasonable to propose Z-scheme mechanism. In all, the
reaction could be summarized as follows: OCN and BWO-OV generated electrons
and holes under visible light irradiation. And the photogeneratgd trons of BWO-
OV would recombine with the holes of OCN, which co a built-in electric
field to accelerate the interfacial charge transfer, separation. The left excited
electrons and holes possessed higher reductior@ ation capability. The dissolved

O2 could be restored to <O by the elactr OCN, which would be used for TC

degradation. And according to ) ported, the existence of tungsten oxide in
OCN accelerated the oxid&m generated by OCN to O,. Therefore, there
were more oxyge@Ng t tion to make *O>" radicals. The holes of BWO-OV could
directly oxidize TC.§n addition, the holes also reacted with H20 to generate OH. But
because of the low number of *OH radicals, they were consumed before they could

participate in the reaction.
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under visible light irradiation.
3.3.4 Stability of synthesized catalyst 6

The stability and recyclability of 4B -@N were also investigated in TC
photodegradation. Fig. 11a showed 4§e reqlts of the cyclic experiments over 4BWO-
OV/OCN which was reused 4 %ctln runs. Obviously, after four cycles, the TC
photodegradation effiffehc opped to 81.1%, which also maintained high
degradation effici TC. It was clearly that after the first cyclic experiment, the
adsorption performance decreased apparently. It might be due to a small amount of
contamination on the surface of the composite, the active sites were blocked. In
addition, the oxygen vacancies of BWO-OV might be consumed due to the instability
of oxygen vacancies. However, the photocatalytic system reached stable in the
following cycling runs. In addition, the XRD of 4BWO-OV/OCN was measured after
the photocatalytic reaction (Fig. 11b). It was confirmed the same crystal phases of

fresh sample and used sample. Besides, Fig. 11 (c-d) showed the XPS spectra of the
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fresh and used 4BWO-OV/OCN, including the survey spectra and W 4f. The
elemental composites and valence state of 4BWO-OV/OCN stayed the same after the
photodegradation reaction. The XPS spectra of C and O (Fig. S5) were mainly similar.
The slightly difference in the XPS spectrum of C might be due to a small amount of
contamination on the surface of the composite. In the XPS spectrum of O, the surface
chemisorbed oxygen species was weakly, which might attribute to the instability of
oxygen vacancies. The XPS spectrum of Bi 4f was also measured in Fig. S6. In
comparison, the used sample shifted to lower binding ene ich was might
attributed to the instability of oxygen vacancies. And thA\M earance of BiG»*
further confirmed the consumed of oxygen vaca . Hence, how to improve the

stability of oxygen vacancies posed a challen @ future work. Moreover, SEM
and FTIR of the used 4BWO-0OV/OC &ed to prove the stability in Fig. S7-8.
It was found that there were n Qanges. In general, the stability of 4BWO-
OV/OCN composite was il strgor the TC photodegradation.
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Fig. 11 (a) Cycling experiment of TC photode@ y 4BWO-OV/OCN; (b)XRD

analysis of fresh and Used 4BWO-0O\/ S analysis of fresh and Used 4BWO-

OV/OCN: (c) survey spectra, (d%
In this wor @OV/OCN heterojunction was successfully prepared via
ma

4. Conclusion

facile hydrother rocess. The successful recombination of heterojunction was
demonstrated by SEM, TEM and XPS analysis. The BWO-OV/OCN heterojunction
exhibited several superiorities: i) the induced oxygen vacancies benefit the exposure
of reaction sites, ii) the black body nature and oxygen-rich structure of OCN would
enhance the light absorption capability, and then the photocatalytic performance can
be improved. 4BWO-OV/OCN heterojunction exhibited the best performance which

enabled TC (10 mg/L) removal rate to reach 96.16% within 60 minutes, more than
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double that of pristine OCN (30.22%) and higher than that of pure BWO-QV (62.94%)
under the same conditions. h* and *O," were vital to the TC photocatalytic degradation
by ESR analysis and scavenger tests. The synthesized 4BWO-OV/OCN also exhibited
high degradation efficiencies towards TC in real water matrix, which provides a
potential strategy to develop photocatalysts for pollutant elimination in practice.
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