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A new catalyst of S-BiOBr flower-like morphology was synthesized by simple
pyrolysis and further used for photocatalytic degradation of TC. Phase structure
analysis, elemental analysis and micromorphological analysis confirmed that S
doping has a reinforcing effect on the polarization between the [Bi,O,S]?* and
[Br,]? layers and is conducive to interlayer polarization and rapid charge
transfer. In addition, its unique petal morphology is more favorable to the
adsorption of contaminants on its surface and accelerates the reaction of
catalyst surfactant with contaminants. It was also found that S-BiOBr
degrades TC significantly better than single BiOBr@HCs, with up to 99.1% in
60 min illumination. In addition, the S-BiOBr catalyst has good reusability in
antibiotic degradation. The results of photocatalytic mechanism analysis show
that free radical O, plays a major role in the photodegradation of organic
model pollutants. Intermediates in TC degradation were identified, and their
potential degradation pathways were prospected, and the toxicity development
of TC in the degradation process was analyzed by toxicity assessment software.
The S-BiOBr photocatalytic system developed in this paper provides a new idea
for effective modification of bismuth-based semiconductors and has important
guiding significance for future water purification.
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Introduction

Water is the essence of all natural resources, but it is also
affected by various organic pollutants (Li et al., 2020; Zhang et al.,
2020; Wagner et al, 2021). In particular, pharmaceutical and
personal care products (PPCPs) have resulted in significant
antibiotic discharges, posing a serious threat to the safety of
aquatic ecosystems (Wang et al, 2018a) and human health
(Rodriguez-Mozaz et al., 2015; Hena et al., 2021). Tetracycline
antibiotics and their residues, as pseudo-persistent pollutants,
have a wide range of use in drug synthesis, animal feeding,
clinical application, and other fields (Scaria et al, 2021;
Ahmadijokani et al., 2022; Biswal and Balasubramanian, 2022;
Warner et al,, 2022). The possible adverse effects on human
beings and aquatic ecosystems have become a topic of great
concern (Zhu et al., 2013). It is therefore crucial to explore an
efficient method for removing tetracycline from the aquatic
environment.

Photocatalytic water treatment, powered by renewable solar
energy, has attracted increasing attention because of its ability to
efficiently degrade antibiotics compared to traditional methods
(Chen et al, 2022a; Ha et al, 2022). In addition, the
photocatalytic method has many significant advantages, such
as high efficiency, clean, pollution-free, etc. (Kang et al., 2019;
Sun et al, 2020; Yang et al, 2021; An et al., 2022; Castilla-
Caballero et 2022). More bismuth-based
semiconductors have good prospects with unique light
absorption that can enhance photocatalytic —activity
significantly. Such as Bi;MoOg (Chen et al., 2022b; Hajiali
et al., 2022), Bi,O; (Chen et al., 2022¢c; Entezami et al., 2022),
BiVO, (Kang et al, 2019; Xu et al,, 2021), Bi,WOg (Li et al,,
2022a; Li et al,, 2022b), BiOBr (Wang et al., 2022a; Dou et al,,
2022). As a novel photocatalyst, BiOBr consists of positive

al., recently,

[Bi,O,]** and negative halogen atoms (Br,”) (Lee et al,
2020), while forming unique layered structures (Gao et al,
2022). Such structures allow the insertion of different species
into the interlamellar space via anion exchange (Li et al., 2015;
Wang et al., 2018b; Huang et al, 2020). Some properties,
however, such as rapid recombination of photogenerated
charge carriers and relatively low light absorption, greatly
limit their practical application in environmental protection.
In addition, internal electric field-driven charge separation
has become a hot topic in BiOX (Liu et al., 2022a). Its unique
layered structure is beneficial for stacking to form built-in electric
fields (IEF) (Li et al., 2016), and can facilitate the efficient
by adding different
exchanges to the laminated space. For example, the IEF

degradation of pollutants species
tuning of C-doped Biz;O,Cl greatly improves the charge
transfer efficiency (Li et al., 2014). Bi modification and
phosphorylation of BiOBr enhanced its charge separation
ability and obtained excellent photocatalytic performance
(Zhu et al., 2019). N-doped BiOBr catalysts, were prepared by
microwave-assisted solvothermal synthesis, increasing their
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specific surface area and photocatalytic activity (Lopez-
Veldzquez et al., 2021). Therefore, the tuning method of IEF
based on non-metal doping is usually beneficial for enhancing
interlayer polarization to oxidize organic pollutants.

Owing to their excellent electronic conductivity, stability and
electronic storage capacity, carbon materials have been
developed as ideal photocatalysts, and the most common type
of photocatalyst is the carbon-based material (Sun et al., 2022;
Chen et al., 2023). At present, the existing carbon materials
mainly include porous nanosheets (Liu et al., 2022b; Liu et al.,
2022c¢), hollow nanotubes (Liu et al., 2022d; Zhang et al., 2022)
and three-dimensional (3D) nanospheres (Huang et al., 2021;
Serra-Pérez et al, 2021; Wang et al, 2022b), among which,
hollow carbon nanospheres (HCs) is one of the ideal carrier
materials, due to its fast electron transfer rate, rich active sites,
high specific surface area, has been widely studied. So far,
template-assisted methods have been used to synthesize
microspheres and uniformly deposit other nanoparticles on
the surface of HCS to change the semiconductor structure,
improve electron conduction efficiency and achieve the goal of
pollutant degradation.

In this study, S-BiOBr photocatalyst was synthesized by a
simple one-step solvothermal method to degrade tetracycline
antibiotics. The addition of glucose to S-BiOBr by the
hydrothermal process can change the surface morphology of
S-BiOBr, promote the exposure of active sites and polarization of
interlayer structures, and effectively prevent the recombination
of photogenic electron pore pairs, enhance their photocatalytic
activity and efficiently degrade antibiotics.

Experimental details
Chemicals and reagents

Tetracycline (Cy,H,4N,0g), Bismuth nitrate pentahydrate
(Bi(NO3)5-5H,0), Potassium bromide (KBr), D-(+)-Glucose
(CsH1206), p-Benzoquinone (C¢H,0,),
sulfate (CH3(CH,);;0S03Na), Ammonium oxalate
monohydrate ((NH,),C,0,4-H,0), Isopropyl Alcohol (C;HgO),
Potassium ferricyanide (K;3FeC¢Ng, Sigma Aldrich, 99.5%),
ferrocyanide  trihydrate (K4FeCgN4.3H,0),
Potassium  chloride (KCl), Sodium sulfate anhydrous
(Na,SO,), Glycerol (C3HgO3), Ethanol (CH;CH,OH).

Sodium  dodecyl

Potassium

Synthesis of photocatalyst

S-BiOBr@HCs was prepared by one-step hydrothermal
method. 3 mmol Bi(NOs3);-5H,0O was added to 50 ml mixed
solution A (glycerol: deionized water = 2:3) and dissolved by
ultrasound. 3mmol KBr, 0.432 g glucose and a certain mole of
sodium dodecyl sulfate (SDS) were added to 10 ml deionized
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water and stirred for 1h. In constant stirring, drop solution B
into solution A at the rate of 1 drop per second, and continue
stirring for 0.5h. Finally, the evenly mixed solution was
transferred to a 100 ml Teflon-lined stainless-steel autoclave
and heated at 160 °C for 12h. After cooling at room
temperature, wash with deionized water and ethanol for three
times and vacuum dry at 60°C for 12 h. SDS of 50, 100, 150,
200 mg, 250 mg, according to different SDS of the amount of
added, respectively, SBB-50, SBB-100, SBB-150, SBB-200, SBB-
250. BiOBr@HCs are prepared in the same way as above by
removing sodium dodecyl sulfate during preparation.

BiOBr@HCs are prepared the same way as above by
removing sodium dodecyl sulfate during preparation. In order
to obtain various mass ratios of HCS to BiOBr, the total mass of
HCS precursor added during the synthesis process caused the
mass percentage of as-obtained hybrids to 0, 5, 10, 15, 20 and
30 wt%, which were denoted BiOBr, BiOBr-5, BiOBr-10, BiOBr-
15, BiOBr-20 and BiOBr-30.

Characterizations

The Brunauer-Emmett-Teller (BET) surface area was
measured using a Micromeritics ASAP 2460. The morphology
structure of the synthesized samples were observed with
transmission electron microscopy (TEM, JEOL JEM-2100F),
and scanning electron microscopy (SEM, ZEISS Sigma 300).
Powder X-ray diffraction patterns of the prepared material
were recorded on a Dandong Fangyuan X-ray diffractometer
copper Cu Ka radiation diffraction (Voltage = 40 kV, current =
15 Ma, scanning step = 0.02). Analysis of chemical compositions
of the synthesized samples was performed by X-ray spectroscopy
of Photoelectrons (XPS, Thermo Scientific ESCALAB Xi+). The
UV-vis diffusion-reflectance spectra (UV-vis DRS, Puxi TU-
1900) were used to acquire data on light absorption ability. The
Mott-Schottky diagrams (MS), transient photocurrent responses
(TPR) and electrochemical impedance spectra (EIS) were
measured using a CHI660E electrochemical workstation
equipped with a three-electrode cell. The Photoluminescence
spectra of synthesized samples were collected using an Edinburgh
FLS1000 fluorescence spectrophotometer.

Photocatalytic tetracycline degradation
experiments

The photocatalytic properties of the synthetic catalyst were
evaluated using tetracycline (20 mgL™, 100 ml) as a model
contaminant (A > 420 nm) irradiated by a 300 W Xe lamp
(Beijing China Education AU Lighting Co., Ltd.). The catalyst
is usually dispersed with 30 mg in TC solution. Absorption-
desorption equilibrium was established by magnetically stirring
the suspension in darkness for 20 min. In this case, the
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suspension is exposed to visible light. During the reaction,
2ml of suspension was collected at predetermined time
intervals and filtered through a 0.22-micron membrane. The
TC UV-Vis
spectrophotometer at 357 nm wavelength.

concentration was determined using a

The determination of reactive species

The introduction of different scavengers in the photocatalytic
system led to the determination that the main active substances
(0.2 mm) in the system of photocatalysis are represented by IPA,
BQ, EDTA, etc., the corresponding active radicals being -OH,
-O,7, or h'. The electronic spin resonance (ESR) spectra of
DMPO--O,” were recorded on an electron paramagnetic
resonance spectrometer (ESR A300, Bruker).

Detection and evaluation of degradation
intermediates

Degradation intermediates
chromatographic column Waters BEH C18 (2.1 x 100 mm,
1.7um) in combination with liquid chromatography-mass
spectrometry (Thermo Scientific Q Exactive, United States),

were analyzed using the

with a flow phase of 0.1% formic acid and acetonitrile
solution, and a flow rate of 3 ml/min. The temperature of the
sheath was set to 350°C, and the flow rate was 12 L/min. The test
mode should be set to ESI and the voltage should be set to 4 kV.
The detection wavelength for TC was 357 nm. The toxicity of
degradation intermediates and TC were appraised by
quantitative structure-activity relationship (QSAR) method by

using the Toxicity Estimation Software Tool (T.E.S.T. 5.1.1).

Results and discussion

Crystal structure, morphology, and
chemical composition

Figure 1 shows the XRD patterns of HCs, BiOBr@HCs and
S-BiOBr. It can be shown that the samples were successfully
prepared to present good crystallinity. As shown in Figure 1A,
The XRD pattern shows that HCS has a broad hump at 22.5°,
which indicates an amorphous structure. The diffraction peaks of
10.9°,25.2°,31.7°, 32.2°,46.8" and 57.1° in BiOBr@HCs composite
are attributed to the crystal planes of BiOBr (001), (101), (102),
(110), (004) and (212) (JCPDS Card No0.09-0393), which
indicates that the addition of glucose in the synthesis process
does not lead to the phase transition of BIOBr nanocrystals. With
the increase of glucose content, the characteristic peaks of (001)
and (102) crystal planes decreased significantly, indicating that
carbon materials affected the characteristic peaks of BiOBr to a
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FIGURE 2
(A) Bi 4f, (B) O 1s, (C) Br 3 days XPS spectra of BiOBr-15 and SBB-100, (D) S 2p of SBB-100.
certain extent. Its diffraction peak of the S-BiOBr is consistent structure has good stability (Figure 1B). In addition, with the
with the diffraction peak of BiOBr@HCs and has no doping of the S element, the characteristic peak of the (001) phase
miscellaneous peaks, demonstrating that the S-doped BiOBr tends to move to a low Angle direction slightly, and the
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FIGURE 3

Scanning electron microscopy (SEM) images of (A-C) HCs, (D-F) BiOBr-15 and (G-1) SBB-100.

characteristic peak of the (110) phase gradually increases
(Supplementary Figure S1). This may indicate that the doping
of the S element extends the interlayer space of the composite and
improves the charge separation efficiency of the built-in electric
field.

In order to confirm additional evidence of S doping, bonding
interactions and chemical states of BiOBr-15 and SBB-100 were
characterized by XPS spectroscopy (Figures 2A-D). As shown in
Figure 2A, the binding energy is located at 163.74 and 158.42 eV
corresponding to Bi 4f5,, and Bi 4f;/, (Jiang et al,, 2021; Meng
et al,, 2021). The position of Br 3 days peaks was adjusted from
68.35 to 67.40 eV to 67.30 and 67.25 eV, respectively, due to the
addition of the S element, which resulted in a weakening of the
interaction between the positional and negative electron layers of
BiOBr, and the partial replacement of Br™ by S$*(Figure 2B).
Compared with BiOBr-15, SBB-100, which has the same binding
energy form, is transferred to a lower energy direction, possibly
because of the noticeable electronic shift of S to Bi through Bi-S
bond, thus forming the interaction interface. Figure 2C shows the
spectrum of O 1s, with 529.30, 530.65 and 531.95 eV representing
lattice oxygen, adsorbed vacancy oxygen and surface hydroxyl
group (Zhou et al., 2020). Compared with BiOBr-15, the peak of
lattice oxygen was reduced by 0.05 eV, along with a significant
increase in the oxygen adsorbed at the vacancies (OVs), which
indicates that more oxygen vacancies are exposed on the surface
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of the material. The adsorption effect of catalyst on O, molecule
was enhanced after the addition of S element. The diffraction
peaks at 163.73 and 158.42 eV in S 2p are attributed to S 2p,,, and
S 2psy,, respectively, which also confirm the successful doping of
S elements in SBB-15 (Figure 2D). Consequently, the above
results indicate that the addition of the S element is associated
with the [Bi,O,]*" active electron layer, resulting in the ideal
[Bi,O,S]*" layer that produces rich OV.

The morphology and structure of the prepared catalysts were
observed by SEM. Figures 3A-C showed the SEM image of HCs.
Hollow carbon spheres (HCs) form uniform spheroids with a
diameter of about 1.2 um, which is consistent with the
description in the literature (Du et al, 2022). After adding
glucose in BiOBr preparation, the BiOBr nanoparticles were
deposited on the surface of the carbon sphere during the
hydrothermal process, and the overall diameter was changed
from 1.2 pm to 0.5 pm (Figures 3D-F). After the addition of the S
element in the hydrothermal process, the overall morphology of
the catalyst changed, possibly because the doping of the S source
in the preparation process caused the ring-opening reactions of
glucose, which made the successfully prepared SBB-100
transform into the shape of nanorods (Figures 3G-I).

TEM and high resolution TEM (HRTEM) were employed. As
shown in Figures 4A,B, plenty of SBB-100 nanorods
(size~100 nm) were tightly agglomerated and formed 3D
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FIGURE 4

(A, B) Transmission electron microscopy (TEM) images, (C) high-resolution TEM (HRTEM) images and (D-1) elemental mapping of SBB-15

flower-like structures, consistent with SEM characterization.
Remarkably, the interlayer distance became larger as element
S was introduced, contributing to the ultrathin nanorods. Further
examination of the crystalline of SBB-15 was performed by
collecting the HRTEM image and showing it in Figure 4C.
Four crystal surfaces, 0.810, 0.353, 0.281, and 0.272 nm, were
observed in the figure, belonging to (001), (1001), (102), and
(1100) crystal surfaces of BiOBr, respectively. In addition, EDS-
mapping spectra indicate the distribution of elements Bi, Br, S, O
and C in SBB-100. This is evidence of the successful construction
of S-BiOBr, a structure that will facilitate effective charge
separation.

The hierarchical structure of BIOBr@HCs was intercalated
with S-element to obtain its petal-like morphology. The BET test
results are shown in Supplementary Figure S2. HCs, BiOBr-15
and SBB-100 all exhibit Class IV isotherms, the surface area and
pore diameter distributions of the samples are presented in
Supplementary Table S1. Notably, SBB-100 possesses a higher
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BET surface area (26.89m”g') than pristine BiOBr-15
(2026 m* g') and HCs (5.13 m* g"). It is expected to provide
additional reactant exposure sites and increase electron charge
transfer pathways.

Characterization of optical properties

Optical characteristics of BiOBr-15 and S-BiOBr were
characterized by UV-Vis (Figure 5A). Both BiOBr-15 and
S-BiOBr exhibit intense visible-light absorption. With the
increase of S doping content, the absorption boundary shifts
to the visible light region. SBB-100 improves the absorption of
visible light, and the introduction of S broadens the photo-
absorption range of BiOBr, contributing to its photocatalytic
behavior. The Eg values of BiOBr-15 (2.88 ¢V) and S-BiOBr,
(2.78, 2.60, 2.94, 2.99, and 3.03 eV) were calculated by Kubelka-
Munk formula (Figure 5B).
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In addition, the Mott-Schottky test revealed that both BiOBr- Photocatalytic activity
15 and S-BiOBr present n-type semiconductor characteristics
(Figure 5C) (Liu et al., 2022¢; Yin et al., 2022). Moreover, the flat Photocatalytic ~activity of visible light irradiating
band potential (Eg) could be obtained by extrapolating the photocatalyst (Figures 6A,B) was determined using TC as
tangent line of the x-axis intercept. The Eg, of BiOBr-15and contaminant. Supplementary Figure S3 shows the TC

S-BiOBr is determined to be 0.12, 0.26, 0.05, —0.02, —0.05 and

0.02V (vs. Ag/AgCl). Furthermore, the Ecp of n-type
semiconductor is about 0.1V higher than that of Eg, so the
Ecp of BiOBr-15 and S-BiOBr are

about —0.22, —-0.16, —0.25, —0.32, —0.35 and —0.28 V (vs. Ag/
AgCl). According to Eq. 1, their corresponding Eypg were
obtained as —0.02, 0.04, —0.05, —0.22, —0.15 and —0.08 V (vs.
the normal hydrogen electrode, NHE), respectively.

Enue = EAg/AgCl +0.197. (1)

Hence, the Eyp of BiOBr-15 and S-BiOBr are calculated as
2.86, 2.82, 2.55, 2.72, 2.74 and 2.95V (vs. NHE), respectively,
using the Nernst formula:

~ By ®)

ECB = EVB

The band structures of BiOBr-15 and S-BiOBr are shown in
Figure 5D.
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degradation efficiency of BiOBr@HCs. It can be clearly
observed that BiOBr-15 has the highest degradation efficiency,
which can reach 76.3%, which is significantly improved
compared with pure BiOBr (59.4%). As shown in Figure 6A,
after irradiation for 120 min, the TC degradation efficiency of
BiOBr-15 was only 59.4% respectively, because of the severe
recombination of photocarriers. Interestingly, with the increase
of S element, the resulting S-BiOBr had remarkably enhanced
photocatalytic degradation efficiency. Among them, SBB-100
exhibited the best degradation effect, which can reach 99.1%
after 60 min of irradiation (Figure 6A). However, with increasing
S content, the photocatalytic activity decreases, possibly because
of the excessive doping of S elements leading to the destruction of
BiOBr-15 and the decrease of charge separation of efficiency.
Further, the adsorption properties of BiOBr-15 and S-BiOBr are
almost negligible. When the ratio of S to BiOBr-15 reached the
optimal value (SBB-100), the adsorption performance gradually
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(A) Degradation curves and (B) the pseudo-first-order kinetics of HCs, BiOBr@HCs and S-BiOBr (30 mg) for tetracycline (TC) (20 mg/L, 100 ml).
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(A) Recycling performance of SBB-100 for TC degradation, (B) SEM image of used SBB-100, (C) XRD and (D) XPS of the fresh and used SBB-100.

decreased, proving that SBB-100 has the largest specific surface
area and the smallest average pore size among all the catalysts.
Among these materials, SBB-100 has the best adsorption capacity
and the highest photocatalytic activity. The results show that the
morphology of SBB-100 makes it have more active sites, and the
built-in electric field constructed by SBB-100 can better separate
photogenerated electron-hole pairs. In addition, the degradation
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conforms to the pseudo-first-order kinetics: In (Cy/C) = kt (4).
The degradation curves are shown in Figure 6B. SBB-100 has the
highest degradation k value of 0.069 min™' for TC, which is
2.68 folds higher than that of BiOBr (0.023 min™").

The stability of practical application is also an important
factor of the ideal photocatalyst. Therefore, the stability of SBB-
100 was evaluated by cyclic assays (Figure 7). SBB-100 showed no
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significant inactivation and TC degradation remained at 94.9%
after five consecutive cycles (Figure 7A). In addition, the SEM
image, XRD pattern and XPS spectrum further showed that the
morphology and properties of the catalyst did not change during
the photocatalysis. The results show that SBB-100 owns the
advantages of high activity, mineralization ability, stability,
and reusability, and has broad application prospects in
practical wastewater treatment.

Possible degradation pathways and
toxicity assessment of intermediates

SBB-100-induced tetracycline degradation was investigated by
HPLC-MS (Supplementary Figure S31, Supplementary Table S2).
In this paper, three main degradation pathways of tetracycline by
SBB-100 to tetracycline were proposed. For Pathway 1, the original
tetracycline was gradually demethylated to P2 by photoinduced
superoxide radical invasion, followed by further conversion to
P3 by O, and h* induced open-loop reactions. Demethylation
produces P4 when P3 is attacked by highly reactive OH and h*, and
P4 is further converted to P5 when hydroxyl is lost. For Pathway 2,
tetracycline is first converted to P6 by carbonyl reduction, then
formed into P7 by C = C rupture, followed by a dehydroxy reaction
at h*, O, co-action to produce P8. The formation of P9 was
attributed to aldehyde loss, deammonia and demethylation. For
Pathway 3, the hydroxylation reaction happens to produce
P1 because C = C double bond is extremely unstable and
prone to oxidation. In addition, P10 was formed by an open-
loop reaction induced by O,~ and h*. The strong ionization of O,~
causes P1 to break the C-C bond and further transform into P11.
At the same time, P10 can be further transformed into P11 by the
loss of amide groups to form ketogenic groups. Secondly, the
formation of P12 is due to the elimination of formaldehyde. In
addition, intermediates of these pathways were converted to P13,
P14, P15, P16 and P17. Eventually, these intermediates are broken
down into small molecules and mineralized under the action of
active substances.

The degradation products were evaluated for acute toxicity
and developmental toxicity using Toxicity Estimation Software
(TEST 5.1.1). As shown in Figure 8B represents the dose at
which half of the fathead minnow was killed in 96 h, an
important parameter for measuring the toxicity of the
product in the aquatic environment. Therefore, the lethal
concentration of TC was up to 3.33 mg/L, and most of the
intermediate products were lower than that of TC except for
P6 and P7. Furthermore, as can be observed in Figure 8C, the
developmental toxicity of the TC intermediates produced
p7  (0.8)] s
correspondingly reduced. The results show that S-BiOBr is

during  photodegradation  [except
effective as a photocatalyst in reducing or mitigating the threat
to human health posed by various pollutants in the

environment.
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Photocatalytic degradation mechanism

In order to elucidate further the enhanced photocatalytic
properties of BiOBr-15 and S-BiOBr, a series of characterizations
including PL, TPR, and EIS were carried out to investigate photo
generated carrier separation behavior in as-fabricated samples
(Figure 9). PL spectra of BiOBr-15 and S-BiOBr [the excitation
wavelength (Aex): 735 nm] are shown in Figure 9A. In general,
the the of the
photoluminescence spectrum, the easier it is for the carrier to

higher characteristic peak intensity
recombine. S-BiOBr showed a lower peak area compared to
BiOBr-15, reflecting that S-BiOBr construction did hinder
electron pore recombination. It is beneficial to increase the
charge transfer of the catalyst interface, especially the energy
transfer of S-BiOBr interlayer electric field, and thus the
photocatalytic performance of S-BiOBr. Of these, SBB-100
had the lowest PL intensity, suggesting that SBB-100 has more
carrier transport for pollutant decomposition.

In addition, the generation and separation of photogenic
carriers are studied in detail by using the transient photoreactive
current spectra under visible light to better understand the
transfer and separation of photogenic carriers. It is evident
from Figure 9B that S-BiOBr exhibits excellent optical
response under visible illumination during the interval
between 30 s as light source switches. And during this process,
the material is stable to the current generated by visible light.
SBB-100 exhibited the highest photocurrent response of all
catalysts, which exhibited high separation efficiency and long
carrier life.

Furthermore, the transfer characteristics of carriers were
investigated by measuring the electrochemical impedance
spectra of photocatalysts. As can be seen from Figure 9C,
SBB-100 the
representing a minimum charge transfer resistance. It can be

corresponds  to smallest graph radius,
explained that SBB-100 can transfer charges more easily on its
interface and effectively separate photon carriers. The above
experimental results show that SBB-100 polarizes its interlayer
electric field, greatly improves the generation and transfer of
interface charges, and improves the performance of
photocatalytic degradation.

Reactive oxygen species (ROS) play a major role in
the  trapping

experiments as well as ESR analyses were carried out. Results

photocatalytic ~ degradation  experiments,
of the trapping experiments are shown in Figure 10A. In the
absence of scavenging agent, 99.1% of TC can be observed to be
degraded by SBB-100. It is clear from trapping experiments that
the TC degradation efficiency decreased from 99.1% to 56.1%
with the addition of P-benzoquinone, which indicates that ¢O,~
is the predominant reactive species accounting for TC
degradation. As shown in Figure 10B, DMPO--O,~ signal was
detected after 5 min of visible light irradiation. Interestingly, the
intensity of the DMPO--O, signal produced on SBB-100 was
remarkably stronger than that of the original BiOBr-15,
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visible-light irradiation for 5 min.

suggesting that more O,  free radicals were produced in the
S-BiOBr system.

Based on the above analysis, the main reasons for
upgrading S-BiOBr photocatalytic activity are as follows.
In this study, S-BiOBr increased the specific surface area,
and antibiotics were effectively adsorbed and in close contact
with the interface. The addition of the S element changes the
interlayer structure of the BiOBr, forming two layers
[Bi,0,S]*" and [Br,]*, whose unique layered structure
stacks to create the built-in electric field. The UV-Vis and
Mott-Schottky curves show that the band structure of SBB-
100 is shortened. S doping enhances the polarization
between [Bi,0,S]** and [Br,]* layers, promotes the
exposure of the active site, and significantly improves the
separation and migration efficiency of photogenerated
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electron-hole pairs. Moreover, XPS and PL test results
show that SBB-100 produces more oxygen vacancies,
leading to an upward shift in the Fermi level (Ef).
Dissociation of excitons promotes the generation of
charge carriers, resulting in the production of more
superoxide radicals, consistent with ESR test results. In
the degradation process, superoxide radicals transfer to
the contact interface between TC and SBB-100 to degrade
the TC adsorbed on the surface. In addition, PL, TPR and EIS
experiments also show that SBB-100 has the advantages of
the highest separation efficiency of photogenerated electron-
hole pairs, the largest instantaneous photocurrent in the
visible light range, and the fastest electron migration
efficiency, which makes it one of the best materials in the
same category.
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Conclusion

A novel S-doped BiOBr photocatalyst was triumphantly
synthesized by the isothermal method. S-BiOBr has a substantial
photocatalytic effect on TC antibiotics under visible light. The unique
layered structure of S-BiOBr is composed of [BL,O,S]** and [Br,]
*and exhibits highly efficient photocatalytic degradation of
tetracycline. HPLC-MS analysis was used to demonstrate the
possible degradation pathways. The toxicity of the degradation
intermediates was evaluated by Toxicity Estimation Software
(TEST 5.1.1). It showed that TC in the S-BiOBr system not only
achieved businesslike degradation, but also remarkably reduced
toxicity. Eventually, the photocatalytic mechanism of S-BiOBr is
proposed on the basis of the reaction state capture experiment and
ESR analysis. Accordingly, we respect that this work not only proposes
a feasible path in order to gain single-atom doped materials for the
degradation of pharmaceutical antibiotics, but also has enlightening
significance for future exploration of environmental restoration.
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