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ABSTRACT: The effective promotion of exciton dissociation to
increase the electron density in BiOBr has garnered significant
attention. Here, we effectively promote exciton dissociation and
enhance photocatalytic activity through a simple sulfur-doped
strategy. We demonstrated that sulfur doping markedly increased
the built-in electric field (BIEF) strength of BiOBr, which in turn
provided the driving force for exciton dissociation and promoted
the rapid separation and transport of charge carriers. Additionally,
the introduction of abundant oxygen vacancies on BiOBr enhanced
its ability to activate oxygen. Consequently, in degradation
experiments, S-doped BiOBr exhibited an 8.07-fold increase in
the degradation rate of sulfisoxazole (SIZ) compared to that of
pure BiOBr. Following this, quenching experiments and electron
spin resonance identified holes, superoxide, and singlet oxygen as the primary reactive species involved in photocatalysis, leading to
the proposal of a photocatalytic mechanism. Furthermore, liquid chromatography—mass spectrometry identified 8 intermediate
products and elucidated three degradation pathways. Finally, the impact of different influencing conditions on the degradation of the
SIZ was thoroughly examined. To summarize, this study proposes a strategy to enhance photocatalytic activity by adjusting the BIEF
and manipulating exciton effects, providing a new perspective on charge transfer mechanisms in photocatalytic systems.
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B INTRODUCTION excitons reveals that our traditional understanding of photo-
catalysis becomes incomplete. Excitons are neutral singlet
states formed when electron—hole pairs cannot fully separate
due to the Coulombic interaction within the material during
photoexcitation.”” In photocatalytic reactions dominated by
charge carriers, the competitive relationship between excitons
and charge carriers severely limits the formation of free
charges, resulting in significantly reduced photocatalytic
efficiency.'®'” Therefore, it is crucial to effectively promote
exciton dissociation in materials through reasonable mod-
ification methods to achieve a substantial yield of charge
carriers.

Previous studies have shown that introducing energy
disorder in catalysts is a viable strategy to promote exciton
dissociation and reduce exciton stability."*'® For instance, Shi
et al. induced band offset arran§ements by surface doping with
P, disrupting exciton stability; * Wang et al. and Wu et al.

As a typical emerging contaminant, the sulfonamide antibiotic
sulfisoxazole (SIZ) exhibits considerable environmental
persistence and mobility in water bodies.'~* Its presence
poses dual threats of direct ecotoxicity and the long-term
selection pressure for antimicrobial resistance.””” Furthermore,
SIZ has been classified as a possible human carcinogen,
elevating public health concerns regarding its environmental
dissemination.® These combined risks highlight the critical
need for advanced remediation strategies capable of its
effective degradation.

In recent years, solar semiconductor photocatalysis has
gained widespread attention due to its high efficiency,
environmental friendliness, strong adaptability, and low
secondary pollutant formation.”'’ Among these, BiOBr has
received extensive research attention in environmental
remediation due to its unique bandgap structure, appropriate
bandgap energy, good optical stability, and effective oxidation 7
capability.""'* Conventional perspectives on the photocatalytic Received:  December 25, 2025 LANGMUIR
mechanism of BiOBr have mainly emphasized charge carrier Revised:  March 4, 2026 ;
separation. However, these commonly accepted views often Accepted:  March S, 2026
neglect the presence of excitonic effects.’> For instance, Wang Published: March 13, 2026
et al. elucidated the excitonic properties of BiOBr materials
exhibiting a layered structure.'* Introducing the concept of
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promoted exciton dissociation through defect engineering by
introducing oxygen vacancies, disrupting the balance of band
edge states around defect sites.”"””* Zhou et al. also weakened
exciton effects by constructing heterojunctions."” Recently,
studies have also found that built-in electric fields (BIEF) can
provide driving forces for exciton dissociation, thereby
facilitating the separation of electron—hole pairs.”*~>> To the
best of our knowledge, few studies have integrated built-in
electric fields and excitonic effects in BiOBr research.
Fortunately, the symbiotic crystal structure of [Bi,O,]** and
[Br,]>~ layers in BiOBr induces a nonuniform charge
distribution, which is expected to successfully construct built-
in electric fields and improve carrier separation and
migration.”® Additionally, nonmetal doping has been reported
to regulate the strength of built-in electric fields.”” This is
primarily because the introduced dopant atoms, possessing
different electronegativity and atomic radii compared to the
host atoms, can distort the local electronic structure and create
charge imbalance, thereby modulating the intrinsic polarization
and the associated BIEF. Motivated by these insights, we
present a simple approach here: inserting sulfur between
BiOBr layers to induce polarization and adjust the strength of
the built-in electric field, thereby providing driving forces for
exciton dissociation.

Therefore, the present work aims to precisely modulate the
BIEF of BiOBr via a facile sulfur-doping strategy, thereby
facilitating exciton dissociation and enhancing the photo-
catalytic efficiency. A series of sulfur-doped BiOBr (xS-BOB)
samples were synthesized and systematically characterized to
unravel the correlations among S-doping, BIEF enhancement,
oxygen vacancy formation, and charge carrier dynamics. The
photocatalytic performance was evaluated by degrading SIZ
under blue light with the degradation pathways and
intermediates elucidated. Furthermore, the effects of key
environmental parameters on the degradation process were
investigated to assess the practical applicability. This study
provides a new perspective on charge transfer mechanisms in
photocatalytic systems. More importantly, this work establishes
a quantitative structure—activity relationship among anionic
doping, BIEF, and exciton dissociation efficiency in layered
BiOBr, offering a generalizable design principle for exciton
management in analogous photocatalysts.

B EXPERIMENTAL SECTION

Chemical Reagents

Details of the reagents and ultrapure water used in this experiment are
provided in Text SI.

Synthesis

The fabrication of S-doped BiOBr followed a previously reported
method with some modifications.”® During the preparation, 4 mmol
of Bi(NO;);-SH,0 was added to SO mL of ethylene glycol, followed
by the addition of 4 mmol of KCI. After mixing for 60 min, different
amounts of thiourea (2, 3, 4, 5 mmol) were added as the sulfur
source, followed by vigorous stirring for another 30 min.
Subsequently, the mixture was transferred to a Teflon-lined autoclave
and maintained at 160 °C for 12 h. Following cooling, the product
was retrieved via centrifugation, subjected to multiple washes with
ultrapure water and ethanol, and then dried in an oven at 60 °C. The
collected products were labeled as xS-BOB (x = 2, 3, 4, S) according
to the amount of thiourea added. The preparation process for pure
BiOBr was the same but without the addition of thiourea.

Characterization

Detailed information on characterization is provided in Text S2.
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Photocatalytic Activity Tests

All experiments were conducted by using low-power blue LED lamps
(9W, 455 nm) for degradation experiments. The reactor utilized a
vertical top-irradiation configuration with the light source positioned
S cm directly above the suspension surface. The reaction temperature
was maintained at 25 °C using a thermostatic magnetic stirrer (Figure
S1). Initially, the prepared catalyst (20 mg) was suspended in S0 mL
of a2 10 mg L™ SIZ aqueous solution and stirred in darkness for 30
min to reach adsorption—desorption equilibrium. Subsequently,
during illumination, 1 mL of the suspension was intermittently
filtered using a 0.22 um filter and subjected to analysis via high-
performance liquid chromatography (HPLC). The detailed chromato-
graphic conditions and instrument parameters are provided in Text S3
and Table S1.

Theoretical Calculations

All calculations were performed within the framework of spin-
polarized density functional theory (DFT) using the Vienna Ab initio
Simulation Package (VASP) with the projector augmented wave
(PAW) method. The methods and details of theoretical calculations
are provided in Text S4.

Bl RESULTS AND DISCUSSION
Morphology and Structure

The prepared samples underwent characterization via SEM.
Figure la shows that the original BiOBr consisted of

Figure 1. SEM images of (a) BiOBr and (b) 3S-BOB; (c) TEM
images of 35-BOB; (d—g) STEM elemental mapping of the 3S-BOB
composite.

microspheres assembled from densely packed nanosheets.
Upon the introduction of sulfur, the morphology of 3S-BOB
changed (Figure 1b), with the stacked nanosheets forming a
rectangular structure instead of microspheres. This change
might have been due to the strong interactions between S*~
and Bi*" affecting the stacking of the positively charged
[Bi,0,] layers and the doubly negatively charged [Br,]*~
layers.”® Figure 1c shows TEM images of 3S-BOB, revealing
a rectangular structure formed by stacked nanosheets,
consistent with the SEM observations. The HRTEM image
(Figure Ic inset) revealed that 3S-BOB possessed a distinct
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Figure 2. (a) XRD pattern and (b) FT-IR spectra of the as-prepared samples. XPS spectra of (c) Bi 4f, (d) O 1s, (e) EPR spectra, and (f) N,
adsorption—desorption isotherms and the pore size distribution (illustration) of BiOBr and 3S-BOB.

lattice spacing of 0.277 nm, which could be assigned to the
(110) plane of BiOBr. Elemental mapping indicated that Bi, O,
Br, and S were uniformly distributed in the sample, confirming
the successful doping of S into the BiOBr structure (Figure
1d—g).

The phase structures of BiOBr and 3S-BOB were analyzed
using XRD. As shown in Figure 2a, the (001), (101), (102),
(110), (112), (200), and (212) crystal planes of both samples
were accurately attributed to the characteristic peaks of BiOBr
at 10.9°, 25.1°, 31.7°, 32.2°, 39.4° 46.2°, and 57.1°, which
were consistent with the standard diffraction pattern of BiOBr
(JCPDS Card No. 09-0393). With the doping of S, no
impurity peaks were detected, indicating that a small amount
of S doping did not cause a phase transformation in BiOBr
nanocrystals. Additionally, the intensity of the characteristic
peaks of 3S-BOB increased, suggesting that S doping resulted
in well-ordered and enhanced growth of BiOBr crystal
planes.”

The functional groups of BiOBr and 3S-BOB were
investigated by using Fourier-transform infrared spectroscopy
(FT-IR). As shown in Figure 2b, the FT-IR spectrum of 3S-
BOB displayed additional peaks at 603 and 969 cm™, which
can be ascribed to the vibrations of Bi—S bonds.>”" This
finding confirmed the strong bonding between the doped S
atoms and Bi. Additionally, the peaks of Bi—Br in BiOBr at
1049 and 1449 cm™! shifted to 1042 and 1457 cm™),
respectively, indicating that Br elements in the interlayers
may have been replaced by S elements.”*” Finally, the peaks
observed at 3430 and 1614 cm™' were associated with the
stretching and bending vibrations of adsorbed H,O mole-
cules,” respectively.

The chemical structure changes of the samples were further
investigated by using XPS analysis. From Figure S2a, it was
observed that the Br 3d peaks shifted from 68.5 and 69.5 eV to
68.4 and 69.4 eV, indicating that Br™ had been replaced by $>~
through anion exchange due to the weakened van der Waals
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forces between [Br,]*~ layers.”® The Bi 4f peaks corresponding
to Bi 4f,,, and Bi 4f;,, appeared at 159.3 and 164.7 eV,
respectively, with a decrease in binding energy of 0.2 and 0.1
eV (Figure 2c). This indicated that the introduction of S
altered the chemical environment of Bi atoms, which is
consistent with the formation of Bi—S bonds.”>** It is worth
noting that the S 2p peaks significantly overlapped with the Bi
4f orbitals, making it challenging to distinguish S elements
based on S 2p XPS results. However, the detection of
additional S 2s peaks at binding energies of 225.6 and 228.2 eV
(Figure S2b) confirmed the incorporation of S into the BiOBr
crystal structure.*>*® In addition to the surface elemental
analysis, the bulk sulfur content of the xS-BOB samples was
measured to be consistent with the stoichiometric ratios
(Table S2), further supporting the successful incorporation of
sulfur. The O 1s XPS spectrum of 3S-BOB (Figure 2d)
exhibited peaks at 530.4, 531.7, and 533.4 eV, corresponding
to lattice oxygen, oxygen vacancies (OVs), and surface
hydroxyl groups.”” The proportion of OVs in 3S-BOB
significantly increased from 27% to 45%, indicating that the
introduction of sulfur induced the formation of numerous
OVs, thereby facilitating the activation of O,."

The formation of OVs in BiOBr and 3S-BOB was further
detected by EPR spectroscopy. Figure 2e showed that both
samples had typical EPR signals centered at g = 2.004, which
were determined to be oxygen vacancies capturing electrons.””
The signal intensity of 3S-BOB was significantly higher than
that of pure BiOBr, indicating a higher concentration of oxygen
vacancies in 3S-BOB.

The specific surface area and pore structure of the samples
were characterized by using nitrogen adsorption—desorption
isotherms. As depicted in Figure 2f, both samples displayed
typical type IV isotherms with pronounced hysteresis loops,
indicating the presence of mesopores.”” The specific surface
areas of BiOBr and 3S-BOB were 25.39 and 38.67 m’ g_l,
respectively. Additionally, pore size distribution data indicated
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Figure 3. (a) UV—vis diffuse reflectance spectra and Tauc’s plot (illustrations), (b) Mott—Schottky plot, (c) VB-XPS valence band analysis, and

(d) schematic band structure evolution of BiOBr and 3S-BOB.

that compared to BiOBr’s pore volume (0.078 cm® g™') and
average pore diameter (12.31 nm), 3S-BOB exhibited a larger
pore volume (0.189 cm® g™') and average pore diameter
(19.34 nm). This could have provided more catalytically active
sites, thereby enhancing photocatalytic activity.

Photophysical Properties

The optical absorption characteristics of 3S-BOB were
comprehensively studied using a UV—vis diffuse reflection
test. As shown in Figure 3a, the introduction of sulfur into 3S-
BOB significantly enhanced its optical absorption range,
shifting from 428 to 502 nm. The band gap (E,) of BiOBr
and 3S-BOB decreased significantly from 2.58 to 1.82 eV. It is
important to note that while a narrower band gap can, in
principle, also accelerate charge recombination, the overall
photocatalytic efficacy is determined by the net balance
between carrier generation and separation. As will be
elucidated in the following sections, the key to the enhanced
performance of 3S-BOB lies not only in its improved light
absorption but, more critically, in its superior ability to separate
and utilize these photogenerated charges."’ Furthermore, to
elucidate the flat band potentials (Eg) and band structures of
BiOBr and 3S-BOB, Mott—Schottky tests were conducted. In
Figure 3b, the positive slope of the extrapolated line indicates
that both BiOBr and 3S-BOB are n-type semiconductors.*'
Subsequently, the Eq of BiOBr and 3S-BOB were —0.58 eV
and —0.86 eV vs SCE (—0.13 eV and —0.32 eV vs NHE),
respectively. Due to the equivalence of the Eg of n-type
semiconductors with the Fermi level, the relative Fermi levels
of BiOBr and 3S-BOB were —0.13 eV and —0.32 eV versus
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NHE.** Based on the VB-XPS data, it was established with
confidence that the band gaps separating the Fermi level from
the VB were 2.12 and 1.80 eV for both BiOBr and 3S-BOB,
respectively (Figure 3c). Therefore, the calculated VB
positions of BiOBr and 3S-BOB were 1.99 and 1.48 eV versus
NHE. Based on the formula: Ecy = Eyg — E,, the CB positions
relative to NHE for BiOBr and 3S-BOB were determined to be
—0.59 eV and —0.34 €V, respectively,'® as displayed in Figure
3d.

The Intensified BIEF Field Facilitates Exciton Dissociation

Efficient separation and transport of photogenerated charge
carriers significantly influence the efficacy of photocatalysts.**
As a driving force, a strong BIEF facilitates exciton dissociation,
promoting effective charge separation and rapid transport of
photogenerated charges.”**> On the other hand, the insertion
of S ions causes a nonuniform distribution of interlayer charges
in BiOBr, facilitating adjustment of BIEF.*® For estimation of
the BIEF in our samples, we utilized the model proposed by
Kanata et al.*’ According to this model, the strength of BIEF
and the surface potential varied in direct proportion to the
square root of the surface charge density product (Text SS).
Surface potential measurements were conducted using Kelvin
probe force microscopy (KPFM), where the surface charge
density correlated to the zeta potential. Figure 4a—c illustrates
that the surface potential of 3S-BOB (AE = 29.2 mV)
exceeded that of BiOBr (AE = 20.1 mV). Furthermore, the
zeta potential of 3S-BOB (—34.9 mV) was 2.3 times larger
than that of BiOBr (—15.4 mV). These results demonstrated
that sulfur doping effectively enhanced BIEF.
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To explore the photoinduced electron transition mechanism lower electronegativity replaced Br atoms, forming a high
of 3S-BOB, first-principles calculations based on density charge density in the sulfur-doped layer. The strong Bi—S
functional theory (DFT) were performed. The geometric bond contributed to electron depletion at the Bi atom sites
structural model of S-doped BiOBr with oxygen vacancies is (cyan region) and electron accumulation at the S atom sites
presented in Figure S3. As shown in Figure 4d, S atoms with (yellow region), thereby generating strong interlayer polar-
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Figure 6. (a) Performance activities, (b) pseudo-first-order rate constant, (c) rate constants, and inhibition effects of SIZ photodegradation in the
presence of various scavengers. EPR spectra of (d) DMPO-O,*", (e) TEMP-'0,, and (f) DMPO-eOH of the BiOBr and 3S-BOB.

ization. Generally, polarization can enhance the BIEF, acting as
the driving force for carrier separation and transport.*®
Additionally, electron depletion occurs in oxygen vacancy
regions, making them prone to attracting photogenerated
electrons and potentially promoting exciton dissociation.

To clearly elucidate the excitonic processes in the S-doped
BiOBr photocatalytic system, we employed photoluminescence
(PL) spectroscopy. Figure Sa displays the steady-state PL
spectra, acknowledged as a robust approach for investigating
exciton dissociation. Excitons generally relaxed to the ground
state by radiating photons, so the detected fluorescence was
formed by the decay of singlet excitons as observed.'®*
Compared to BiOBr, the PL signal intensity of 3S-BOB
significantly decreases, indicating a reduced concentration of
singlet excitons.

Typically, the reduction in singlet excitons transitions into
triplet excitons or dissociates into free charges within the
system. Therefore, steady-state phosphorescence (PH) spectra
provide additional insights, as the PH signal originates from
the decay of triplet excitons.">'* From Figure Sb, it was
evident that both samples exhibited signals of triplet excitons,
with 3S-BOB showing a significantly reduced PH signal
compared to BiOBr. This indicated a lower yield of triplet
excitons in 3S-BOB, suggesting that the dissociation of singlet
excitons into electron holes was the primary reason for the
decrease in singlet exciton concentration.

As shown in Figure Sc, we utilized time-resolved
fluorescence decay spectroscopy to analyze the lifetime of
singlet excitons.”® Using the formula (Text S6), we calculated
the exciton lifetimes of BiOBr and 3S-BOB as 2.44 and 1.56 ns,
respectively. Compared to BiOBr, 3S-BOB exhibited a shorter
lifetime of singlet excitons, indicating a significantly enhanced
efficiency in singlet exciton dissociation.”" This suggested that
tuning the built-in electric field through sulfur doping
effectively promoted the efficiency of exciton dissociation,
thereby facilitating the generation of more free charges.
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According to the Mott—Schottky equation, the slope is
inversely proportional to the electron concentration, allowing
us to estimate the electron concentration in the samples.”” By
using the formula (Text S7), we calculated that the electron
concentration in 3S-BOB was 1.43 times higher than that in
BiOBr (Figure S5d). Additionally, from the transient photo-
current response (Figure Se), it was evident that 3S-BOB
exhibited notably elevated photocurrent density, signifying
effective dissociation of excitons into free charges and a rise in
electron concentration.”® Furthermore, from the electro-
chemical impedance spectroscopy (EIS) plot (Figure 5f), 3S-
BOB showed a smaller radius, indicating lower impedance
encountered during electron transfer.”* This underscored that
an enhanced built-in electric field reduced transport resistance,
thereby improving charge migration capability.
Photocatalytic Degradation Performance and Mechanism

This research investigated the photodegradation capabilities of
the synthesized compounds, with an emphasis on SIZ, a
commonly prescribed antibiotic. As shown in Figures S4 and
S7, prior to conducting photocatalytic experiments, the
prepared samples were preliminarily studied for their
adsorption of SIZ. All samples reached adsorption—desorption
equilibrium within 30 min. BiOBr exhibited the lowest
adsorption capacity for SIZ, whereas 3S-BOB showed the
highest, consistent with the BET results. Subsequently, under
blue light irradiation, SIZ was completely degraded by 3S-BOB
samples in just 20 min (Figure 6a). In contrast, pure BiOBr
exhibited lower degradation efficiency, removing only 50% of
SIZ in the same time frame. The kinetic rate constants (k)
were calculated using pseudo-first-order kinetics (Figure 6b),
with 3S-BOB’s k,p, (0.2478 min™") showing an approximately
8.07-fold increase compared to BiOBrs (0.0307 min').
Clearly, among all of the prepared samples, 3S-BOB
demonstrated superior photocatalytic activity for SIZ degra-
dation.
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Figure 7. Illustration of the potential photocatalytic mechanism of the 3S-BOB.

Additional cycling tests were conducted under blue light
irradiation to investigate the stability of the composite material.
After four cycles (Figure SSa), 3S-BOB maintained a
degradation efficiency of over 80% and preserved high catalytic
performance. This result demonstrates the satisfactory
reusability of the photocatalyst. Furthermore, XRD and FT-
IR analyses (Figure SSb,c) confirmed that the crystal structure
of 3S-BOB remained unchanged after four cycles, indicating its
remarkable stability and recyclability. However, a slight decline
in activity was still observable over the four cycles. This may be
attributed to the following factors: (1) Partial loss of active
components: Minimal leaching of the doped S species or Bi**
ions might occur during the cyclic reactions, as suggested by
the slight attenuation of the Bi—S bond vibration peak in the
postcycling FT-IR spectrum (Figure SSc). (2) Surface
passivation: The adsorption and accumulation of intermediate
organic fragments or inorganic ions (from the reaction matrix)
on the catalyst surface could partially block the active sites and
hinder light absorption.>

To investigate the contribution of various reactive species
(RSs) in the 3S-BOB photocatalytic system, we conducted
quenching experiments (details in Text S9). Initially, we used
10 mM sodium oxalate, p-benzoquinone, furfuryl alcohol, and
IPA to quench holes, superoxide radicals, singlet oxygen, and
hydroxyl radicals, respectively. As shown in Figure 6c, after 20
min of illumination, the reaction rate constants of 3S-BOB for
sodium oxalate, p-benzoquinone, furfuryl alcohol, and IPA
were 0.0329, 0.0161, 0.0424, and 0.2195 min™', respectively.
Thus, the photodegradation contribution rates of h*, 0,7,
'0,, and ¢OH were 91.45%, 95.75%, 88.95%, and 43.42%,
respectively. This indicated that h*, O,"”, and 'O, played
crucial roles in the degradation process.

To further confirm the reactive species (RSs), an electron
spin resonance (ESR) technique is commonly employed to
determine their generation during photocatalysis. We used
DMPO to capture superoxide and hydroxyl radicals formed
during the photocatalytic process and TEMP to capture singlet
oxygen. As shown in Figure 6d,e, both samples exhibited
characteristic ESR signals corresponding to the DMPO-O,*,
TEMP-'0,, and DMPO-eOH adducts, confirming the
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formation of 0,°7, 'O, and eOH during photocatalysis.
Moreover, compared to BiOBr, the ESR signal of 3S-BOB was
significantly enhanced, clearly demonstrating that sulfur doping
induced oxygen vacancies and increased BIEF, significantly
promoting thermally electron-mediated RSs in the 3S-BOB
system.

Due to the enhanced ability of 3S-BOB to activate molecular
oxygen, we quantified the concentration of superoxide using
the NBT assay (Text S10) to evaluate its activation
capability.’® As observed in Figure S6a,b, the NBT
concentration steadily decreased with prolonged radiation.
Calculations showed that the concentration of O, generated
was 1.065 X 107> M and 3.068 X 10> M for BiOBr and 3S-
BOB, respectively, indicating a 2.9-fold increase by 3S-BOB
compared to BiOBr. Additionally, degradation experiments
under different atmospheres were conducted. As shown in
Figure S6c¢, the degradation rate of 3S-BOB was significantly
reduced under a N, atmosphere, while the adsorption of SIZ in
an O,-saturated solution remained consistent with the normal
results (Figure S6d). This confirms the crucial role of O, in the
conversion of reactive species (RSs).”” These results indicated
that 3S-BOB possessed an excellent molecular oxygen
activation capability.

Based on our aforementioned research, we proposed a
plausible photocatalytic degradation mechanism for 3S-BOB
(Figure 7). Under illumination, photogenerated charge carriers
were generated on the surface of 3S-BOB, with electrons
excited to the CB and holes remaining in the VB. However,
due to Coulombic interactions within the material, they readily
entangled to form excitons. Fortunately, the enhanced BIEF
reduced the binding energy of excitons, promoting their
dissociation into free charges. Subsequently, photoexcited
electrons can react with O, to generate O,°7, as the CB
potential is more negative than the reduction potential E (O,/
0,°7; —0.33 eV). Electrons activated molecular oxygen
generation via a charge transfer process, where some
superoxide subsequently transformed into 'O, or eOH.
These reactive species then attacked the active sites of
sulfonamide molecules, leading to bond cleavage and effective
pollutant elimination (eqs 16). Therefore, a synergistic
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Figure 8. Effect of (a) different ions at a concentration of 10 mM, (b) initial pH change, (c) different catalyst additions, and (d) different SIZ

additions on the degradation of SIZ by 3S-BOB.

relationship is established between the strengthened BIEF and
the abundant OVs in the 3S-BOB system. The BIEF primarily
acts as the driving force to dissociate excitons and accelerate
the migration of electrons to the surface, while the OVs
function as key active sites to capture these migrating electrons
and facilitate the activation of molecular oxygen. This efficient
coupling significantly suppresses charge recombination and
ensures the maximum utilization of photogenerated carriers for
the degradation process.

3S-BOB + hv — h" + e~ (1)
0, +e — 05 (2)
0y +h =0, 3)
0" + e +2H" - H,0, (4)
H,0, + e - eOH + OH" (5)
('0,, 057, ®«OH, h") + SIZ — Products (6)

Effect of Different Factors on Degradation

To investigate the interference of different factors in the 3S-
BOB photocatalytic system, we studied the effect of major
cations and anions on degradation. Figure 8a shows the
influence of common ions in water on the 3S-BOB system. In
the presence of CI-, NO;~, SO,*, and Na’, the catalytic
system showed a minimal impact on SIZ degradation. In
contrast, Ca**, HCO;", and DOM significantly inhibited the
degradation efficiency. Ca®* could have formed small amounts
of (Ca(SIZ)xnH,0) metal complexes, which deposited on the
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catalyst surface, occupying active sites and hindering
degradation efficiency.”” The negative impact of HCO;>~
was likely due to these anions potentially consuming a
significant amount of light-excited h* and eOH radicals.”
Furthermore, dissolved organic matter (DOM) in water
significantly inhibited its photocatalytic activity by scavenging
oOH and O,°” radicals and obstructing the catalyst’s light
absorption.**

Moreover, the initial pH in water bodies is recognized as a
crucial factor influencing degradation rates. As depicted in
Figure 8b, as the pH of water bodies increased from 3 to 11,
the degradation efficiency of SIZ gradually declined. The zero-
point potential of 3S-BOB was measured to be approximately
5.1 by using instrumentation. Literature review indicated
dissociation constants of SIZ as pK, = 1.5 and 5.0.°” This
suggested that when the pH ranged from 1.5 to 5.0, SIZ
remained in a neutral mode, facilitating adsorption on charged
substances and thereby promoting photocatalysis. However,
when the pH exceeded 5.0, SIZ dissociated into an anionic
mode. At this stage, the material surface acquired a negative
charge, causing electrostatic repulsion. As the pH continued to
rise, this repulsion grew stronger, consequently hindering the
photocatalytic performance.

As shown in Figure 8¢, we investigated the effect of different
catalyst dosages on the SIZ degradation. The degradation
efficiency significantly increased as the catalyst dosage
increased from 0.1 to 0.8 mg L~!. However, the rate of
increase was not substantial when the catalyst dosage was
increased from 0.8 to 1.2 mg L™". It could be speculated that
the higher concentration of catalyst at high dosages increased
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Figure 9. Proposed transformation pathways of the SIZ.

the turbidity of the solution, thereby affecting the transmission
of light through water.

To assess the potential applicability of 3S-BOB, the impact
of varying initial pollutant concentrations on the SIZ
degradation by the material was studied. As shown in Figure
8d, the degradation efficiency of 3S-BOB slightly decreased
with increasing pollutant concentration in the range of 5—25
mg L~L. However, at a pollutant concentration of 25 mg LY
the degradation rate remained above 95%, indicating that 3S-
BOB maintained a high removal efficiency of SIZ over a wide
range of pollutant concentrations. In conclusion, the 3S-BOB
photocatalytic system demonstrated an excellent performance
under various environmental conditions.

Degradation Pathway of SIZ

The degradation products were further studied using HRAM
LC-MS/MS (Text S8), identifying 8 intermediate products
(Table S3 and Figure S8) and deriving three degradation
pathways (Figure 9). In pathway I, the S—N bond linking the
benzene and triazole moieties was attacked by O,°”, leading to
the formation of P1 (+m/z = 284.3307) and P2 (+m/z =
284.3307), which were subsequently oxidized by reactive
species to form P3.”” In pathway II, the benzene ring of SIZ
was prone to electrophilic attack by 'O,, coupled with the
synergistic effect of phenylamine hydroxylation, leading to the
formation of P4 (+m/z = 284.3307). Subsequently, the S—N
bond of P4 was cleaved to form PS (+m/z = 190.0185), which
ultimately underwent hydroxylation-dehydrogenation on the
pentagon to convert to P6 (+m/z = 127.0502).°° In pathway
111, the S—C bond in the pollutant was attacked by eOH, h*,
and O,°7, leading to cleavage and the formation of byproducts
P7 (m/z = 193.0278) and P8 (m/z = 193.0278).>"

To further investigate the mineralization capability of 3S-
BOB for SIZ under irradiation, we obtained the total organic
carbon (TOC) degradation curve (Text S11). According to
Figure S9, the TOC content gradually decreased to 55% after
1.5 h of irradiation. These results indicated that the 3S-BOB
photocatalytic system effectively degraded SIZ and ultimately
mineralized it into water and carbon dioxide.
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B CONCLUSION

In summary, we successfully synthesized sulfur-doped BiOBr
via a simple one-step hydrothermal method. Incorporating
sulfur not only expanded the specific surface area, providing
additional catalytic sites for enhanced adsorption of O, and
organic pollutants, but also induced the formation of numerous
oxygen vacancies, significantly enhancing the material’s ability
to activate molecular oxygen. Furthermore, the strengthened
built-in electric field (BIEF) in 3S-BOB provided ample
driving force for the dissociation of excitons, accelerating the
separation and migration of carriers and thereby increasing the
electron concentration by 1.45 times. Consequently, in
photocatalytic degradation experiments, the photocatalytic
activity of 3S-BOB was increased 8.07-fold compared to that
of BiOBr. Quenching experiments and ESR techniques
identified the main active species in the 3S-BOB system as
0,7, h*, and '0,. We proposed three possible degradation
pathways based on the identification of intermediate products.
This study proposes a strategy to enhance photocatalytic
activity by adjusting the BIEF and manipulating excitonic
effects, offering valuable insights for the rational design of high-
performance photocatalysts through doping engineering.
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