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A B S T R A C T

The concerted action between oxygen vacancies and the heterogeneous interface effect is conducive to form 
internal electric field, which furnishes a rapid pathway for charge transfer. Here, by incorporating oxygen va
cancies into bismuth-based semiconductors, the Bi3O4Br/PANI heterojunction structures with rich oxygen va
cancies are fabricated via a simple hydrothermal method. The as-prepared optimal BBP-0.05 % nanosheets 
exhibit a ultrafast removal of 95 % chloroquine phosphate (CQP) within visible light irradiation for 2 min. 
Moreover, the corresponding apparent rate constant (k) is as high as 1.15 min− 1, which is 4.8 times that of 
Bi3O4Br (0.242 min− 1) and 25 times that of BBP-noOV (0.01754 min− 1), respectively. The coupling structure of 
oxygen vacancies and heterojunction in the Bi3O4Br/PANI composite is capable of significantly augmenting the 
visible light absorption capacity and expediting the separation and migration efficiency of photogenerated hole/ 
electron pairs, thereby remarkably enhancing the photocatalytic performance. Through radical trapping ex
periments and EPR spectra, it is determined that holes and singlet oxygens play crucial roles, while superoxide 
radicals and hydroxyl radicals contribute secondarily, facilitating the superior catalytic performance of the 
Bi3O4Br/PANI/Vis system.

1. Introduction

During the COVID-19 pandemic, CQP has become the center of 
attention as a crucial and effective clinical remission drug [1]. Never
theless, its usage is increasing on a large scale, CQP has become one of 
the emerging pollutants (EC). In virtue of its persistence and biotoxicity, 
it may pose a huge potential threat to the aquatic environment [2,3]. 
Visible-light photocatalytic technology represents a promising approach 
for degrading organophosphorus pollutants, utilizing a unique catalytic 
mechanism to efficiently decompose pollutants without generating 
secondary pollution [4–7]. However, the narrow solar light response 
range and low quantum efficiency are the bottlenecks in the practical 
application of photocatalysis [8,9], and thus it is urgent to explore more 
efficient strategies for designing photocatalysts with high visible-light 
absorption and electron separation rate [10–13]. Bi3O4Br is served as 

a semiconductor material with a moderately sized bandgap at ~2.7 eV, 
which can effectively absorb visible light [14]. Meanwhile, its layered 
structure is conducive to the separation and migration of photo
generated charges. Notably, the non-stoichiometric properties of 
Bi3O4Br offers a far lower photo-induced electron and hole recombina
tion rate compared to the original BiOBr. However, the photocatalytic 
performance of intrinsic Bi3O4Br is still restricted by the charge sepa
ration performance.

In recent years, researchers have developed a variety of strategies to 
overcome the obstacle of rapid carrier recombination, such as control
ling the morphology [15,16], defect engineering [17], doping [18,19], 
and constructing heterojunctions [20], and so on. Among them, the 
heterojunction has been widely favored by researchers due to its ad
vantages such as expanding the light response range, facilitating carrier 
separation, and enhancing the redox ability [9,21]. Liu group [9] 
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prepared the CsPbBr3 QD/CuCo2O4 NS p/n heterojunction and achieved 
3.2 times and 9.2 times higher photocatalytic CO2 to CH4 than CsPbBr3 
QD and CuCo2O4 NS, respectively. Moreover, the heterojunction inter
face can establish a built-in electric field (IEF), which can accelerate the 
transfer of charge carriers without extra input energy. Meanwhile, as 
another highly efficient modification strategy, oxygen vacancies can not 
only form defect energy levels to regulate the band structure and 
broaden the light absorption range, but also provide active sites for 
photocatalytic reactions, enhancing the adsorption and conversion of 
reactants. Xian et al. [22]verified that the surface oxygen vacancy (OV) 
concentration of lead bismuth oxychloride (PbBiO2Cl) can effectively 
adjust the intensity of the internal electric field, promote the transfer 
and separation of primary photogenerated charges, and thus enhance 
the selective CO2 photoreduction. The high concentration of oxygen 
vacancies enhances the internal electric field and concurrently provides 
quantum wells for photogenerated electron trapping, thereby promoting 
efficient charge separation.

Conjugated conductive polymers constitute a unique class of organic 
semiconductor photocatalysts. Their extended π-conjugated systems 
facilitate extensive electron delocalization, resulting in high metallic- 
like conductivity and superior photoelectric properties [23]. Among 
them, polyaniline (PANI) has emerged as a promising candidate for 
large-scale applications due to its high conductivity, outstanding envi
ronmental stability, and convenient preparation [24,25]. Within the 
composite framework (specifically, PANI/semiconductor material), 
visible light excitation facilitates efficient electron injection from the 
PANI into the semiconductor conduction band [26], which effectively 
curtails the recombination of electron-hole pairs, consequently aug
menting the photocatalytic performance of the hybrid material [27]. 
Qing et al. [28] reported that the C-PANI/Bi3O4Br heterojunction pho
tocatalyst achieved rapid degradation of pollutants under visible light 
irradiation, with 100 % removal of E2 within 40 min and 100 % removal 
of RhB within 9 min. Similarly, Saddam et al. [29] successfully 
demonstrated that PANI, as a photosensitizer, can significantly improve 
the activity, enhance the charge transfer efficiency, and promote the 
separation of photogenerated carriers. The optimized NH2-MIL-125@
PANI@Co3O4 photocatalyst remarkably enhanced the photocatalytic 
activity of the system. The layered structure of Bi3O4Br and the con
ductivity of PANI are expected to achieve the effective separation and 
transfer of photogenerated charges through the heterojunction struc
ture, thereby improving the photocatalytic performance. Nevertheless, 
the regulation law of the photocatalytic efficiency and oxidation 
mechanism of the Bi3O4Br/PANI composite with the coupling structure 
of oxygen vacancies/heterojunction remains unclear and requires 
further exploration and evaluation.

Herein, in this study, the Bi3O4Br/PANI heterojunction photocatalyst 
was successfully fabricated via a simple hydrothermal method. The 
visible-light photocatalytic activity was evaluated by degrading CQP, 
and the key role of the oxygen vacancy/heterojunction coupling struc
ture in enhancing the photocatalyst performance was further revealed in 
combination with the kinetic model. Simultaneously, the stability and 
activity changes of the photocatalyst under the influence of multiple 
environmental factors were also evaluated. This study also employed 
various in-situ/ex-situ characterizations to analyze the active species 
and degradation mechanism, as well as further combined toxicological 
simulation methods to propose the detoxification effect within the 
system.

2. Materials and methods

2.1. Catalysts fabrication

2.1.1. Preparation of Bi3O4Br nanosheets
2.91 g of Bi(NO3)3•5H2O and 2.40 g of polyvinylpyrrolidone (PVP) 

were dissolved in 200 mL mannitol solution (0.1 mM) with stirring for 
30 min. Then, this mixture was treated dropwise with 40 mL of 1 mM 

NaBr, followed by 30 min of vigorous stirring. The pH was adjusted to 
11.5 using NaOH, and the mixture was transferred to a reaction auto
clave and heated at 160 ◦C for 24 h. Finally, the resulting Bi3O4Br 
nanosheets were collected by centrifugation, washed three times with 
deionized water and dried at 60 ◦C for 8 h.

2.1.2. Preparation of PANI/Bi3O4Br heterojunction
A certain mass of polyaniline (PANI) powder was dispersed in 200 

mL of mannitol solution (0.1 mM). After 30 min of stirring, Bi 
(NO3)3•5H2O (2.91 g) and PVP (2.40 g) were added, and then 40 mL 
NaBr solution (1 mM) was dropped into the above mixture. The pH was 
adjusted to 11.5 using NaOH, and the mixture was transferred to a re
action autoclave and heated at 160 ◦C for 24 h. The resulting PANI/ 
Bi3O4Br heterojunctions were collected by centrifugation, washed three 
times with deionized water and dried at 60 ◦C for 8 h. The mass ratios of 
PANI to Bi3O4Br were set to 0.025 %, 0.05 %, 0.1 %, and 0.2 %, which 
were designated as BBP-0.025 %, BBP-0.05 %, BBP-0.1 %, and BBP-0.2 
%, respectively. The detailed preparation parameters for the BBP-X 
nanosheets are summarized in Table S1.

2.1.3. Preparation of oxygen vacancy-free BBP-0.05 % sample
As a control sample, 0.5 g of the synthesized BBP-0.05 % sample was 

dispersed in 20 mL of H2O and hydrothermally treated at 140 ◦C for 3 h. 
The sample was then centrifuged, washed three times with deionized 
water, and dried at 60 ◦C for 8 h. The resulting material was oxygen- 
vacancy-free 0.05 % PANI/Bi3O4Br catalyst, which designated as BBP- 
noOV.

Similarly, when replacing BBP-0.05 % with pure Bi3O4Br nanosheets 
in the above process, the oxygen vacancy-free Bi3O4Br sample was ob
tained and denoted as Bi3O4Br noOV.

2.2. Photocatalytic activity measurement

For typical photocatalytic degradation experiments, 300 mg of 
photocatalyst was dispersed in 100 mL of a 0.5 mg/L CQP solution and 
sonicated for 1 min to ensure uniform dispersion, The suspension was 
then transferred to a 300 W xenon lamp reactor (Beijing Perfectlight, 
PLS-SXE300D) with a 12 cm distance between the light source and the 
liquid surface, maintaining a light intensity of 0.99 W/cm² at the sur
face. Prior to illumination, the suspension was stirred in the dark for 7 
min to achieve adsorption-desorption equilibrium between the catalyst 
and the reactant. Photocatalytic degradation was initiated by turning on 
the xenon lamp, maintaining the reactor temperature at 25 ◦C. At pre
determined intervals, 2 mL aliquots of the suspension were withdrawn, 
filtered through a 0.22 μm filter, and analyzed to determine the con
centration of remaining pollutants. The concentration of CQP was 
analyzed by the UPLC system (Waters, ACQUITY UPLC H–CLASS) with 
a UV detector at wavelength of 342 nm and a BEH–C18 column. The 
mobile phase consisted of a mixture of acetonitrile to 0.3 % triethyl
amine at 10:90, and adjusted the flow rate to 0.25 mL/min.

Besides, the chemical reagents required, the characterizations and 
photocatalytic activity measurement were detailed displayed in Sup
porting Information.

3. Results and discussion

3.1. Characteristics

The crystal structures and phase constitutions of the BBP-X nano
sheets were analyzed by X-ray diffraction (XRD) and Fourier-transform 
infrared (FTIR) spectroscopy. Fig. 1a shows that the pure PANI sample 
exhibits a broad peak characteristic of an amorphous structure. In 
contrast, the XRD pattern of the BBP-0.05 % sample clearly shows 
characteristic peaks at 23.9◦, 28.2◦, 29.0◦, 31.4◦, 38.0◦, 39.7◦, 42.8◦, 
45.0◦, and 53.5◦, corresponding to the (112), (006), (114), (020), (008), 
(206), (123), (220), and (033) planes of orthorhombic Bi3O4Br (JCPDS 
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84–0793), respectively [30]. These characteristic peaks are also 
observed in the BBP-noOV pattern, indicating that the removal of oxy
gen vacancies barely alter the crystal structure. Fig. 1b presents the XRD 

patterns of a series of BBP-X samples, all exhibiting clear Bi3O4Br 
characteristic peaks. With increasing PANI content, no new peaks be
sides those of Bi3O4Br are observed, attributable to the weak 

Fig. 1. XRD patterns of as-prepared PANI, Bi3O4Br, BBP-0.05 %, BBP-noOV catalysts (a) and BBP-X catalysts (b), Raman spectra of PANI, Bi3O4Br, and BBP-X (c).

Fig. 2. SEM images of PANI/Bi3O4Br heterojunction (a), HRTEM image of BBP-0.05 % at 5 nm, where the yellow line indicates interface of PANI and Bi3O4Br (b), 
elemental mapping images of PANI/Bi3O4Br heterojunction at 50 nm (c).

Q. Wang et al.                                                                                                                                                                                                                                   Surfaces and Interfaces 70 (2025) 106866 

3 



crystallinity of PANI. Fig. 1c shows that the pure Bi3O4Br sample ex
hibits a strong absorption peak at 1630 cm-1, assigned to the Bi-O 
stretching vibration. The FTIR spectrum of pure PANI shows strong 
peaks at approximately 1584 cm-1 and 1496 cm-1, corresponding to the 
stretching vibrations of quinoid and benzenoid rings, respectively. The 
peak at 1300 cm-1 is attributed to the C–N stretching mode of the 
benzenoid units, while the characteristic absorption peaks at 605 cm-1 

and 617 cm-1 are assigned to the C–N stretching vibration and in-plane 
bending vibration of the C–H bonds in the benzene rings of PANI, 
confirming the presence of PANI [31]. The FTIR spectra of the BBP-X 
composites are similar to that of pure Bi3O4Br, and with increasing 
PANI loading, the intensity of the characteristic PANI peaks increases. 
This observation confirms the successful formation of the BBP-X catalyst 
as a composite of PANI and Bi3O4Br.

Transmission electron microscopy (HRTEM) was employed to 
elucidate the surface morphology of PANI/Bi3O4Br composite. Fig. S2 
and Fig. S3b shows the clustered nanoparticle morphology of PANI ag
gregates, Fig. 2a and Fig. S3a reveals that Bi3O4Br exhibits a distinct 
sheet-like structure, while densely packed PANI coats the Bi3O4Br plates, 
displaying an irregular aggregated morphology. As revealed by Fig. S3c 
and Fig. S3d, Bi3O4Br nanosheets are uniformly coated on the exterior 
surface of polyaniline (PANI), forming the BBP-0.05 % heterojunction 
and BBP-noOV counterpart, with no significant morphological alter
ations observed between these two samples. The formation of the 
Bi3O4Br nanosheets is attributed to a PVP-mediated self-assembly pro
cess. Through strong coordination with Bi3+ ions and interactions with 
the O and N atoms of pyrrolidone ring, PVP effectively passivates the 
Bi3O4Br surface, thereby arresting crystal growth [32]. Furthermore, 
steric hindrance arising from the polyethylene backbone of PVP restricts 
the anisotropic growth of Bi3O4Br along the c-axis. High-resolution 
imaging (Fig. 2b) clearly delineates the heterojunction interface of 
PANI/Bi3O4Br composites. Above the interface, distinct lattice fringes 
with an interplanar spacing of 0.28 nm are observed, unequivocally 
indexed to the (020) plane of Bi3O4Br. Conversely, the region below the 
interface displays amorphous characteristics, devoid of discernible lat
tice fringes, which is consistent with the PANI phase [33]. The intimate 
interfacial contact between the crystalline Bi3O4Br and amorphous PANI 
without discernible intermixing, provides compelling evidence for the 

successful fabrication of the PANI/Bi3O4Br heterojunction. 
EDS-mapping (Fig. 2c) confirms the homogeneous distribution of C, N, 
Bi, O, and Br throughout the composite, precluding any significant phase 
segregation [28].

X-ray photoelectron spectroscopy (XPS) was employed to investigate 
the valence states and surface chemical composition of the PANI/ 
Bi3O4Br composite. The survey XPS spectrum (Fig. 3a) confirms the 
presence of Br, O, Bi, C, and N, consistent with EDS-mapping results. 
Deconvolution of the O 1 s spectrum (Fig. 3b) for pristine Bi3O4Br re
veals three components: lattice oxygen at 529.3 eV, surface oxygen 
species (including oxygen vacancies and surface hydroxyl groups) at 
530.8 eV, and adsorbed water at 532.5 eV, respectively. In the BBP-0.05 
% composite, a slight blue shift of the O 1 s peaks are observed, attrib
utable to the interfacial interaction of heterojunction. Meanwhile, the 
comparative analysis of BBP-0.05 % and BBP-noOV reveals a significant 
difference in the relative abundance of surface oxygen, with BBP-0.05 % 
exhibiting 61 % surface oxygen compared to only 49 % in BBP-noOV, 
which implies a higher concentration of oxygen vacancies in the BBP- 
0.05 % sample. Electron paramagnetic resonance (EPR) spectroscopy 
(Fig. 3c) was utilized to quantify oxygen vacancies. A prominent sym
metric peak at g = 2.002 is clearly observed in the BBP-0.05 % sample, 
with its intensity surpassing those of samples with other concentrations, 
confirming a high concentration of oxygen vacancies on its surface. 
Conversely, this signal is absent in the BBP-noOV sample, corroborating 
the XPS findings. High-resolution Bi 4f XPS spectra (Fig. 3d) show 
characteristic peaks for pristine Bi3O4Br at 158.6 eV (Bi 4f7/2) and 164.0 
eV (Bi 4f5/2), corresponding to Bi3+ [34–36]. In both BBP-0.05 % and 
BBP-noOV, these peaks exhibit a binding energy shift to lower values 
(158.1 eV and 163.4 eV for BBP-0.05 %; 158.4 eV and 163.7 eV for 
BBP-noOV), which indicate that both heterojunction formation and rich 
oxygen vacancies contribute to the reduction of Bi binding energy. 
Similarly, in the XPS spectrum of Br 3d (Fig. 3e), two peaks are observed 
at 69.0 eV and 67.9 eV for pristine Bi3O4Br, corresponding to the 3d3/2 
and 3d5/2 orbitals of Br− , respectively. In BBP-0.05 %, a slight shift of the 
Br peaks to lower binding energies (68.5 eV and 67.4 eV) is observed, 
likely due to the synergistic effects of heterojunction formation and 
oxygen vacancies [30,35]. The N 1 s high-resolution XPS spectrum 
(Fig. 3f) for pristine PANI exhibits two peaks attributed to –NH– groups 

Fig. 3. Survey XPS spectra of the as-prepared PANI, Bi3O4Br and BBP-0.05 % (a), XPS spectra of O 1 s (b), ESR spectra (c), Bi 4f (d) and Br 3d (e) of BBP-noOV, BBP- 
0.05 %,and Bi3O4Br, and N 1 s XPS spectra of BBP-noOV, BBP-0.05 % and PANI (f).
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(398.91 eV) and positively charged nitrogen (400.60 eV). Compared to 
pristine PANI, the –NH– peak in BBP-0.05 % displays a red shift due to 
electron delocalization between the Bi p orbitals and the π-conjugated 
ligands of PANI [37]. The N electrons in PANI are efficiently injected 
into the conduction band of Bi3O4Br semiconductor. Moreover, the 
relative intensity of the positively charged nitrogen peak increases. 
These observations suggest a partial electron loss from N atoms upon 
heterojunction formation. Collectively, the observed binding energy 
shifts of Br, Bi, N, and O peaks strongly demonstrate the existence of 
built-in electric field between PANI and Bi3O4Br within the hetero
junction, which is further enhanced by the high concentration of oxygen 
vacancies.

3.2. Catalytic performance

3.2.1. Degradation kinetics
The visible-light photocatalytic performances of BBP-X hetero

junction were evaluated using CQP as a probe pollutant. As shown in 
Fig. 4a, after 7 min of dark adsorption, the adsorption of CQP in all five 
reaction systems were below 10 %, indicating relatively weak adsorp
tion capacities of these catalysts. Under visible-light irradiation for 3 
min, pure PANI and Bi3O4Br degraded only approximately 15 % and 60 
% of CQP, respectively, demonstrating limited photocatalytic activity 
[38]. Noteworthy, BBP-0.05 % achieved 55 % CQP degradation within 
just 30 s of the photocatalytic reaction, reaching 85 % after 1 min and 
exceeding 95 % after 2 min. The significantly enhanced photocatalytic 
performance highlighted the crucial role of the heterojunction [39]. 
Furthermore, the control samples without oxygen vacancies (Bi3O4Br 
noOV and BBP-noOV) degraded only 10 % and 20 % of CQP within 7 
min, respectively. This clearly demonstrated the critical role of oxygen 
vacancies in the photocatalytic reaction, representing another crucial 
factor in enhancing photocatalytic activity. A first-order kinetic model 
was employed to calculate the rate constants (k) for CQP degradation by 
different catalysts (Fig. 4b and S4). As shown in Fig. 4b, the rate con
stants (k) for PANI, Bi3O4Br, BBP-0.05 %, Bi3O4Br noOV, and BBP-noOV 

were 0.0416, 0.2424, 1.1586, 0.0175, and 0.0402 min⁻¹, respectively. 
The k value of BBP-0.05 % was 23 and 5 times higher than those of PANI 
and Bi3O4Br, respectively, while the k values of Bi3O4Br and BBP-0.05 % 
with rich oxygen vacancies were 14 and 25 times higher than their 
counterparts without oxygen vacancies. These results strongly demon
strated the superior photocatalytic efficiency of the oxygen-vacancy-rich 
PANI/Bi3O4Br heterojunction, where the synergistic effect of the het
erojunction and oxygen vacancies played a pivotal role.

To determine the optimal composite ratio of PANI and Bi3O4Br, a 
series of BBP-X composites were prepared by adjusting the PANI 
loading, and their photocatalytic performance was evaluated (Fig. 4c). 
Under dark conditions, all BBP-X samples exhibited weak CQP adsorp
tion. After 3 min irradiation, BBP-0.025 % achieved 78 % CQP removal, 
and the removal efficiency peaked at 95 % with a PANI loading of 0.05 
% [40]. However, further increasing the PANI loading to 0.1 % and 0.2 
% resulted in a gradual decrease in removal efficiency to 74 % and 69 %, 
respectively. First-order kinetic modeling (Fig. 4d) revealed that 
BBP-0.05 % exhibited the highest rate constant, which was 2.7, 2.9, and 
3.6 times greater than those of BBP-0.025 %, BBP-0.1 %, and BBP-0.2 %, 
respectively. These results indicated a significant influence of PANI 
loading on the catalytic efficiency of the heterojunction, with 0.05 wt % 
identified as the optimal loading. Consequently, BBP-0.05 % was used in 
subsequent studies. To further explore its applicability, the reusability 
and stability of BBP-0.05 % were investigated under identical condi
tions. As shown in Fig. S5a-b, after three cycles of experiments, the 
photocatalytic activity of BBP-0.05 % decreased slightly, and the 
degradation efficiency within 7 min was still 80 %, indicating that 
BBP-0.05 % has good recyclability. Meanwhile, XRD spectra, FTIR 
spectra and EDX mapping analysis were used to explore the stability of 
BBP-0.05 %. As shown in Fig. S5c-d and S6, there was no significant 
change in BBP-0.05 % before and after the reaction, demonstrating the 
excellent stability in the morphology and crystal structure of BBP-0.05 % 
[41]. As evidenced in Fig. S7, in the BBP-0.05 % system, approximately 
43 % of the organic carbon was completely mineralized into inorganic 
carbon. In contrast, the TOC removal efficiencies in the PANI, Bi3O4Br, 

Fig. 4. Photocatalytic degradation curves of CQP with different catalysts (a), corresponding reaction rate constants (b), photocatalytic degradation curve of CQP by 
BBP-X (c), reaction rate constants of BBP-X for CQP (d). (Reaction conditions: Temperature = 298 K, initial pH= ±7.0, [CQP] = 1 mg/L, Catalysts = 3 g/L.).
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Bi3O4Br noOV, and BBP-noOV systems were only 22 %, 31 %, 12 %, and 
20 %, respectively. These results demonstrate that the BBP-0.05 % 
sample exhibits superior photocatalytic performance, enabling the 
complete degradation of approximately half of the CQP in the system 
and its conversion into inorganic matter and water.

3.2.2. Specific surface area analysis
Initially, the specific surface areas of various samples (BBP-0.05 %, 

BBP-noOV, Bi3O4Br, and PANI) were investigated, with results sum
marized in the corresponding table (Fig. S9 and Table S5). BET analysis 
confirmed specific surface areas of 40.365 m2/g (BBP-0.05 %), 42.351 
m2/g (BBP-noOV), 36.233 m2/g (Bi3O4Br), and 26.087 m2/g (PANI). 
Although high surface area typically correlates with enhanced catalytic 
activity through increased active site exposure, normalization of initial 
reaction kinetic constants (kS) revealed critical insights. BBP-0.05 % 
exhibited a normalized kS value of 57.406 × 10–3 min-1⋅L⋅m-2, surpassing 
those of BBP-noOV (1.898 × 10–3 min-1⋅L⋅m-2), Bi3O4Br (13.384 × 10–3 

min-1⋅L⋅m-2), and PANI (3.189 × 10–3 min-1⋅L⋅m-2) by factors of 30.2, 
4.3, and 18.0, respectively. This substantial disparity in surface area- 
normalized kinetics conclusively demonstrates that specific surface 
area contributes minimally to the exceptional photocatalytic perfor
mance of BBP-0.05 %, excluding it as the primary driver of activity 
enhancement.

3.2.3. Influence of environmental factors
Fulvic acid (FA), a ubiquitous natural organic matter (NOM) in 

aquatic environments, can compete for catalytic active sites and inhibit 
the generation of reactive oxygen species (ROS). The quinone groups in 
FA can consume the energy of photoexcited catalysts, interfere with 
energy transfer processes, and thereby reduce the generation of ¹O2, 
thereby suppressing photocatalytic degradation processes [42]. This 
section investigates the effect of FA on the CQP degradation efficiency in 
the BBP-0.05 %/Vis system. As shown in Fig. 5a, when the FA concen
tration was 1.0, 10, and 20 mg l-1, the removal efficiency of CQP by 
BBP-0.05 % after 7 min irradiation exhibited an obvious downward 
trend, reaching 90.0 %, 72.0 %, and 59.0 %, respectively. Concurrently, 
the pseudo-first-order kinetic rate constant (k) decreased significantly 

from 1.156 min-1 to 0.1997 min-1 (Fig. S8a). These results clearly 
demonstrated a marked influence of FA presence on the photocatalytic 
oxidation efficiency, which was likely attributable to the quenching of 
ROS and the competition between FA and CQP for active sites on the 
catalyst surface as FA concentration increased. This competitive mech
anism further inhibited the CQP oxidation process, thus reducing its 
degradation efficiency.

Bicarbonate ions, chloride ions and sulfate ions are anions that 
commonly exist in the water environment. Previous studies have shown 
that these anions can affect the photodegradation efficiency during the 
water treatment process. Therefore, this study focused on exploring the 
specific impacts of SO₄2-, Cl- and HCO3

- on the BBP-0.05 % photocatalytic 
system. Fig. 5b illustrated that the CQP removal efficiency of BBP-0.05 
%/Vis within 7 min was 97.2 %, 85.0 %, 80.0 %, and 77.0 % under 0, 
1, 5, and 10 μM SO₄2- conditions, respectively. This slight inhibitory 
effect was likely due to the hydroxyl radical (•OH) scavenging ability of 
sulfate ions. SO₄2- outcompete target contaminants (CQP) for surface 
adsorption on catalysts, occupying spatially confined reactive sites or 
obstructing electron transport channels, which compromises the acces
sibility of pollutants to active catalytic centers [43]. As shown in Fig. 5c, 
the catalytic performance of BBP-0.05 % exhibited a more pronounced 
fluctuation under the influence of Cl-. After adding 1, 5, and 10 μM Cl-, 
the CQP removal efficiency within 7 min decreased to 79.0 %, 62.0 %, 
and 50.0 %, respectively. Correspondingly, the pseudo-first-order ki
netic constant (k) significantly decreased from 1.156 min-1 to 0.1818 
min-1, indicating that the reaction rate was affected to a certain extent 
(Fig. S8c). This was primarily attributed to the ability of Cl- ions to 
scavenge ⋅OH and the competition between Cl- and CQP for active sites 
on the surface of the BBP-0.05 % photocatalyst. Cl- exhibit preferential 
scavenging of photogenerated electrons (e-), thereby impeding their 
involvement in dissolved oxygen reduction to generate reactive in
termediates such as superoxide radicals (•O2

- ) or hydroxyl radicals 
(•OH) [44]. Similarly, HCO3

- also affected the efficiency of photo
catalytic CQP degradation (Fig. 5d). Under co-existing conditions of 1, 5, 
and 10 μM HCO3

- , the CQP removal efficiency of BBP-0.05 % within 7 
min decreased to 90.0 %, 70.0 %, and 62.0 %, respectively. This could be 
attributed to the quenching of h⁺ by bicarbonate ions, where h⁺ played a 

Fig. 5. Influences of different operational parameters on BBP-0.05 % photocatalytic system: FA (a), SO₄2- (b), Cl- (c), HCO3
- (d), and the removal rate of CQP by BBP- 

0.05 % under different concentrations of FA, SO₄2-, Cl- and HCO3
- (e). (Reaction conditions: Temperature = 298 K, initial pH= ±7.0, [CQP] = 1 mg/L, Catalysts = 3 

g/L.).
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crucial role in the reaction system. HCO3
- induce the formation of 

surface-bound recombination centers via strong chemisorption on het
erojunction catalysts, accelerating the recombination of photogenerated 
electrons (e-) and holes (h+), thereby preventing h⁺ from effectively 
participating in direct oxidation reactions of pollutants [45]. These 
experimental results indicated that the BBP-0.05 % system still exhibited 
excellent CQP removal efficiency under the co-existence of low con
centrations of FA and anions. However, under high concentrations of 
background substances, the removal efficiency slightly decreased, 
although it still effectively removed >50 % of CQP.

3.3. Structure-activity relationship analysis

3.3.1. Band structure
To gain a deeper understanding of the band structure characteristics 

of the BBP-0.05 % composite material, valence band X-ray photoelec
tron spectroscopy (VB-XPS) and UV–Vis diffuse reflectance spectroscopy 
(UV–Vis DRS) were employed to analyze the visible-light absorption 
capacity and band structure. As shown in Fig. 6a, all photocatalysts 
exhibited excellent light absorption capabilities in the wavelength range 
above 400 nm, indicating their effective excitation by visible light. 
Compared to pure Bi3O4Br, the BBP-0.05 % composite material showed 
a significant red shift in its light absorption edge and enhanced ab
sorption intensity, which demonstrated that introducing PANI into 
heterojunction effectively broadened the range of light absorption. 
Furthermore, compared to BBP-noOV, the light absorption edge of BBP- 
0.05 % also exhibited a noticeable red shift, further confirming the 
contribution of abundant oxygen vacancies to enhanced light absorp
tion. The band gap (Eg) energies of PANI and Bi3O4Br were calculated 
using the Kubelka-Munk function, resulting in values of 2.46 eV and 
2.29 eV, respectively (Fig. 6b). Their valence band (or HOMO) energy 
levels were determined using VB-XPS spectroscopy. As shown in 
Figure S10, the valence band (VB or HOMO) energy levels of PANI and 
Bi3O4Br were 1.48 eV and 1.06 eV, respectively. Based on the energy 
level equation Eg = ECB + EVB, the LUMO potential of PANI and the 
conduction band (CB) potential of Bi3O4Br were further calculated to be 
− 0.98 eV and − 1.23 eV, respectively. Based on these experimental re
sults, a relative band position diagram for PANI and Bi3O4Br was con
structed (Fig. 6c) [26]. It clearly depicted that the ECB level of PANI was 
significantly lower than that of Bi3O4Br, while the EVB position of PANI 
was higher than that of Bi3O4Br. This staggered band structure was a 
sufficient condition for heterojunction formation [46].

3.3.2. Photoelectrochemical properties analysis
Beyond light absorption, the efficiency of photogenerated charge 

carrier separation and migration is another crucial factor for photo
catalytic activity. Fig. 7a presented the photoluminescence (PL) spectra 
of different catalysts, where the characteristic emission peak of all 
samples appeared at approximately 490 nm. Compared to BBP-noOV, 
the fluorescence peak intensity of BBP-0.05 % was significantly lower, 
indicating that the photogenerated charge carrier recombination rate of 

BBP-0.05 % was considerably lower than that of BBP-noOV. This result 
confirmed that the presence of oxygen vacancies effectively suppressed 
the recombination of photogenerated electrons (e⁻) and holes (h⁺), thus 
benefiting the photocatalytic reaction [47]. Furthermore, the peak in
tensity of BBP-0.05 % was observed to be greater than that of pure 
Bi3O4Br and PANI, which was attributed to the significantly lower 
number of photogenerated charge carriers in the pure Bi3O4Br and PANI 
sample, resulting in a weaker PL signal [48].

To further investigate the photoinduced charge separation and 
migration efficiency, as well as the interfacial charge transfer resistance 
of the BBP-0.05 % composites, linear sweep voltammetry (LSV) mea
surements were performed in a three-electrode system using a 0.05 M 
Na2SO4 solution (Fig. 7b-c). The results showed that the photocurrent 
intensity of the BBP-0.05 % was significantly higher than that of pure 
Bi3O4Br and approximately three times that of PANI, indicating that the 
charge separation efficiency was superior to that of the single compo
nents after heterojunction formation. Maximum photocurrent intensity 
was observed at a 0.05 % PANI loading. Meanwhile, the photocurrent of 
BBP-0.05 % sample was also significantly higher than that of BBP-noOV, 
again confirming that oxygen vacancies enhanced charge carrier sepa
ration and migration. Similarly, Nyquist plots from electrochemical 
impedance spectroscopy (EIS) (Fig. 7d-e) demonstrated that the BBP- 
0.05 % composite exhibited substantially lower charge transfer resis
tance than single-component materials or heterojunctions with alter
native PANI loadings [49]. These findings correlated directly with the 
enhanced photocatalytic degradation observed [50]. Furthermore, 
time-resolved photoluminescence (TRPL) spectroscopy (Fig. 7f) indi
cated that the heterojunction structure in BBP-0.05 % promoted efficient 
non-radiative recombination pathways, resulting in a shorter average 
carrier lifetime (1.095 ns) compared to pure Bi3O4Br (1.224 ns), PANI 
(1.157 ns), and BBP-noOV (1.160 ns). This accelerated electron transfer 
from Bi3O4Br to PANI suppressed charge carrier recombination, thereby 
enhancing the photocatalytic efficiency. The presence of oxygen va
cancies further contributed to this effect [51,52].

3.4. Catalytic oxidation mechanism

3.4.1. Identification of active species
Electron paramagnetic resonance (EPR) spectroscopy was employed 

to identify reactive oxygen species (ROS) generated within the BBP-0.05 
%/Vis system. No EPR signals were detected in the absence of organic 
pollutants under dark conditions (Fig. 8a-b). However, upon illumina
tion, a characteristic triplet signal (1:1:1 intensity ratio) emerged and its 
intensity increasing significantly from 0.5 to 3 min of irradiation, con
firming the formation of singlet oxygen (¹O2). This assignment was 
further supported by the observation that continuous purging of the 
system with nitrogen (TEMP+N2 curve) substantially diminished this 
signal, indicating that dissolved oxygen served as the precursor for ¹O2 
generation. Concurrently, using 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO) as a spin trap in methanol, a six-line signal characteristic of the 
DMPO-•O2

- adduct was observed upon illumination (Fig. 8c), confirming 

Fig. 6. UV–vis diffuse reflection spectra (a), the bandgap values calculated from Kubelka-Munk plots (b), band gap diagram (c).
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the formation of superoxide radicals (•O2
- ) [53]. Similarly, in an aqueous 

DMPO system (Fig. 8d), illumination yielded a four-line signal (1:2:2:1 
intensity ratio), consistent with the existence of hydroxyl radicals (•OH) 
[54].

To elucidate the roles of different reactive oxygen species (ROS) in 
the PANI/ Bi3O4Br-catalyzed photodegradation of CQP, quenching ex
periments were performed. Specifically, tert‑butanol (TBA), p-benzo
quinone (p-BQ), furfuryl alcohol (FFA), and sodium oxalate (Na2C2O4) 

were employed as scavengers for •OH, •O2
- , ¹O2, and h+, respectively, at 

a concentration of 5 mM. As shown in Figs. 8e-f, the addition of these 
scavengers resulted in drops of CQP degradation efficiency from 95 % to 
79 %, 9 %, 58 %, and 89 %, respectively, with corresponding decreases 
in the pseudo-first-order rate constant (k) to 0.4556, 0.0263, 0.2490, 
and 0.6601 min⁻1. These results indicated the following order of ROS 
contribution to CQP degradation: ¹O2> h+> •OH> •O2

- . Therefore, 
while multiple ROS participated in the photocatalytic process, ¹O2 and 

Fig. 7. PL spectra (a), transient photocurrent response spectra (b-c), electrochemical impedance spectra (d-e) and time-resolved fluorescence spectroscopy (f) of as- 
prepared samples. (Reaction conditions: Temperature =298 K, initial pH=±7.0, [CQP] =1 mg/L, Catalysts =3 g/L.

Fig. 8. TEMP-1O2 formation after 30 s (a) and 3 min (b) illumination, EPR spectra obtained with addition of DMPO-•O2
- (c) and DMPO-•OH (d); quenching effect of 

different scavengers (e); determination of rate constants in CQP degradation quenching (f). (Reaction conditions: Temperature =298 K, initial pH=±7.0, [CQP] =1 
mg/L, Catalysts =3 g/L, [TBA] = [FFA] = [Na2C2O4] = [p-BQ] =10 mM, [TEMP] =1 mM [DMPO] =10 mM.).
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h+ were identified as the dominant reactive species, with hydroxyl and 
superoxide radicals playing secondary roles.

3.4.2. Photocatalytic mechanism analysis
Based on the experimental results, the mechanism for the visible- 

light-driven photocatalytic degradation of CQP by the PANI/Bi3O4Br 
heterojunction was proposed (Fig. 9a). Visible light irradiation pro
moted electron transfer from the valence band (VB) to the conduction 
band (CB) in both PANI and Bi3O4Br, generating electron-hole pairs 
[55]. The presence of oxygen vacancies in Bi3O4Br facilitated the 
migration of photogenerated electrons from the CB of Bi3O4Br to the 
oxygen vacancy levels and subsequently to the lower-energy LUMO of 
PANI. Simultaneously, holes transferred from the HOMO of PANI to the 
VB of Bi3O4Br, driven by the heterojunction. This spatial charge 

separation effectively suppressed electron-hole recombination, 
enhancing photocatalytic activity. The significantly more negative 
LUMO potential of PANI (− 0.84 V vs. NHE) compared to the O2/•O2

- 

redox potential (− 0.33 V vs. NHE) enabled the reduction of dissolved 
oxygen to •O2

- , which subsequently reacted with water to produce ¹O2 
and •OH. Furthermore, the photogenerated holes with oxidizing ca
pacity in the Bi3O4Br VB also contributed significantly to the oxidation 
process. 

¹O2 + e- → •O2
-                                                                              (1)

4•OH→¹O2+2H2O                                                                         (2)

H++⋅•OH +e-→H2O                                                                       (3)

H2O + h+ →OH⋅+ H                                                                      (4)

Fig. 9. Photocatalytic mechanism of CQP degradation in BBP-0.05 %/Vis system (a), possible CQP degradation pathway of BBP-0.05 %/Vis system(b). The toxicity of 
CQP and further degradation intermediates: daphnia magna LC50–96 h (c), bioconcentration factor (d), and mutagenicity (e).
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•O2
- + •OH → ¹O2 + OH-                                                               (5)

•OH + Cl-→OH-+Cl⋅                                                                      (6)

¹O2 +⋅•O2
- + h+ + CQP →intermediates→CO2+ H2O + NO3

- + NH4
+ +

Cl-                                                                                                 (7)

3.5. Degradation products and toxicological analysis

3.5.1. Degradation pathways
LC-MS/MS analysis was employed to identify CQP degradation in

termediates generated in the BBP-0.05 %/Vis system, revealing three 
major degradation pathways (Fig. 9b). Pathway 1 involved initial ter
minal decarboxylation of CQP, yielding intermediate B (m/z = 292.16), 
which subsequently underwent further decarboxylation to form in
termediates C (m/z = 264.13) and F (m/z = 162.84). Intermediate C 
then underwent C–H bond cleavage to produce the ring-opened product 
D (m/z = 154.95) and additional decarboxylation to yield F. Pathway 2 
involved initial decarboxylation of CQP to yield intermediates E (m/z =
159.19) and F, then F underwent decarboxylation and ring opening to 
form G (m/z = 115.30), with E also producing H through decarboxyl
ation. In Pathway 3, CQP underwent direct oxidation by ¹O2 and h+ to 
yield H (m/z = 63.00) and I (m/z = 247.10), and I was further oxidized 
to the ring-opened product J (m/z = 178.30). Ultimately, all identified 
intermediates underwent further oxidation via decarboxylation, 
dechlorination, and denitrogenation pathways, yielding small, miner
alized products including water, CO2, NH4

+, NO3
- , and Cl-.

3.5.2. Toxicological analysis of intermediates
To evaluate the potential environmental impact of the PANI/Bi₃O₄Br 

visible-light photocatalytic degradation of CQP, the acute toxicity, bio
accumulation potential, and mutagenicity of CQP and nine identified 
intermediates were assessed using the Toxicity Estimation Software Tool 
(T.E.S.T.) and quantitative structure-activity relationship (QSAR) 
modeling [56,57]. The LC50 value for CQP in fathead minnows was 
determined to be 4.98 (-log10 mg/L). Significantly, the LC50 values for 
intermediates B, C, D, E, F, G, and H were all lower than that of the 
parent compound CQP, indicating reduced acute toxicity (Fig. 9c). 
Furthermore, the bioaccumulation factors for all intermediates were 
lower than that of CQP (Fig. 9d), and mutagenicity was also reduced, 
with intermediates B, D, E, F, G, H, and J exhibiting no detectable 
toxicity (Fig. 9e). These findings demonstrated that the BBP-X hetero
junction photocatalytic system not only effectively removed CQP but 
also mitigated its potential ecological impact.

4. Conclusion

In summary, this paper has successfully designed a Bi3O4Br/PANI 
heterojunction nanosheet catalyst with an oxygen vacancy-rich struc
ture. By adjusting the loading amount of PANI, a controllable prepara
tion scheme for the catalyst has been proposed. On this basis, taking 
chloroquine phosphate (CQP) as the target degradation substance, the 
photocatalytic activity of Bi3O4Br/PANI photocatalytic system was 
studied. Under visible light irradiation for 2 min, the prepared BBP-0.05 
% nanosheets exhibited the optimal photocatalytic activity, with the 
degradation efficiency of CQP reaching above 95 %. The corresponding 
apparent rate constant (k) was as high as 1.15 min-1, which was 4.8 
times that of Bi3O4Br (0.242 min-1) and 25 times that of BBP-noOV 
(0.01754 min-1). Through a variety of photoelectric characterizations, 
it was found that the coupling structure of oxygen vacancy and heter
ojunction could effectively improve the visible light absorption ability 
and simultaneously form a built-in electric field to promote the sepa
ration and migration effects of photogenerated carriers, thereby signif
icantly enhancing the photocatalytic performance. Quenching tests and 

ESR spectra indicated that non-radicals (singlet oxygen and holes) were 
the main pathways for the photocatalytic oxidation of CQP molecules. 
Meanwhile, combined with the intermediate products of CQP oxidation, 
the possible degradation pathways were proposed, mainly including 
C–N bond breaking, decarbonization, dechlorination, and denitrifica
tion. In addition, based on multiple toxicological simulations, it was 
demonstrated that the PANI/Bi3O4Br photocatalytic reaction system 
revealed a positive detoxification impact on the CQP elimination.
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