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ARTICLE INFO ABSTRACT
Keywords: In this study, novel Z-scheme AgI@PbBiO2Br heterojunctions were prepared using a simple in situ precipitation
AgI@PDbBiO,Br heterojunction approach to effectively degrade organic pollutants and inactivate gram-negative Escherichia coli (E. coli) and

Pollutants degradation
Bacteria inactivation
DFT simulation
Mechanism analysis

gram-positive Staphylococcus aureus (S. aureus) bacteria when exposed to visible light. The prepared materials
were comprehensively evaluated using several analytical procedures. The 20 %-Agl@PbBiO2Br presented the
best photocatalytic performance of all the catalysts prepared. The rhodamine B (RhB) molecules were signifi-
cantly reduced within 70 min (98.72 %), showing a much higher degradation efficiency than bare AgI (73.58 %)
and PbBiO2Br (46.77 %) under the same conditions. The degradation of methyl orange (MO), neutral red (NR),
and tetracycline (TC) by 20 %-Agl@PbBiO,Br was also examined, resulting in nearly total elimination of MO,
NR, and TC pollutants, respectively. In addition, the antibacterial efficacy of 20 %-AgI@PbBiO,Br against E. coli
and S. aureus reaches about 99.99 %. The improved photodegradation efficacy of AgI@PbBiO,Br is owing to the
construction of a heterojunction between Agl and PbBiO2Br, which increases effective charge separation and
visible light absorption, thus enabling the decomposition of pollutants. Cycling experiments confirmed the sta-
bility and reusability of the material, demonstrating exceptional photocatalytic durability. The photocatalytic
mechanism was thoroughly examined by reactive species capture assays and ESR analysis, confirming that holes
and superoxide radicals are crucial in the photodegradation system. Additionally, the density functional theory
(DFT) simulations and liquid chromatography-mass spectrometry (LC-MS) helped to clarify the susceptible active
sites and possible degradation pathways of RhB. Overall, this work underlines the considerable ability of
Agl@PbBiO,Br heterojunctions to effectively remove persistent pollutants from wastewater.

1. Introduction dyes are difficult to degrade naturally because of their stable and intri-
cate chemical structures, rendering them persistent environmental

In recent years, rapid industrialization has significantly exacerbated contaminants [3,4]. Among other dyes, Rhodamine B (RhB) is a syn-
water pollution and led to an escalating environmental crisis. Industrial thetic xanthene dye that is extensively utilized in the textile industry,
wastewater often contains large amounts of synthetic dyes that pose a biological staining, and glass manufacturing. Its intense fluorescence
significant risk to human health and aquatic ecosystems [1,2]. Organic and bright color make it valuable for industrial purposes; however, its
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persistent existence in aquatic ecosystems poses a significant threat to
the environment [5]. RhB is associated with carcinogenic, mutagenic,
and teratogenic effects in humans and animals and has been classified as
a Group 3 carcinogen by the International Agency for Research on
Cancer (IARC) [6]. In addition to dye contaminants, contaminated water
frequently has pathogenic bacteria such as Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus), which can cause serious respiratory,
liver, and other health problems, as well as serious health risks such as
skin infections, typhoid fever, and diarrhea [7,8]. The Infectious Dis-
eases Society of America (IDSA) estimates that approximately 0.13
billion children under the age of five die each year from diarrheal dis-
eases, with contaminated water containing E. coli being one of the main
causes [9]. Despite research into numerous water treatment methods,
including membrane filtration, solvent extraction, electrolysis, adsorp-
tion, etc. [10-12], many of them encounter difficulties such as high
energy consumption, high costs, and insufficient removal of pollutants
[6,13]. These shortcomings have led to an increased interest in photo-
catalytic techniques, which offer advantages such as excellent effi-
ciency, cost-effectiveness, ease of use, minimal toxicity, and
environmental compatibility [14,15]. However, photocatalytic mate-
rials have significant potential for sustainable wastewater treatment as
they enable the simultaneous degradation of organic contaminants and
inactivation of bacteria when exposed to visible light.

Recently, bismuth-based photocatalysts have emerged as viable op-
tions due to their unique electronic structure and excellent response to
visible light. Various bismuth-based materials, including BisS3, BizOs,
BiVQy, BiOBr, Bi;WOg, and PbBiOoX (X = Br, I, Cl), have been extremely
studied owing to their superb photocatalytic properties [16-18]. Among
them, PbBiO2Br stands out as a particularly promising photocatalyst
with an ideal band gap of about 2.4-2.6 eV, making it an excellent
material for the destruction of organic pollutants [19]. Investigations
have demonstrated the improved photocatalytic effectiveness of
PbBiO,Br in eliminating organic contaminants from the environment.
For example, Wang and Xiao et al. synthesized porous microspheres and
ultrathin nanosheets of PbBiO,Br using solvothermal approaches,
respectively, and exhibited their notable photocatalytic effectiveness for
the destruction of organic dyes and antibacterial agents [20,21]. But, the
practical photocatalytic applications of pure PbBiO,Br are significantly
constrained by the inadequate production of reactive species and the
rapid recombination of photoinduced charge carriers [18]. To overcome
these limitations, PbBiOyBr can be coupled with suitable semi-
conductors to create heterojunctions, which is a useful method to in-
crease photocatalytic activity. To date, researchers have developed a
numerous PbBiOoBr-based heterojunctions to augment the photo-
catalytic efficiency of pure PbBiO2Br, such as SrTiO3/PbBiO2Br [22],
NiO/PbBiO,Br [23], PbBiO,Br/UiO-66-NH, [24], AgsPO,/PbBiO,Br
[25], PbBiO2Br/ZnO [26], and CusO/PbBiO5Br [27]. However, in order
to advance the research of PbBiOyBr in photodegradation, further
PbBiO,Br-based photocatalysts are anticipated to be constructed.

In recent years, silver halide-based photocatalysts, including AgBr,
AgCl, and Agl, have garnered significant attention owing to their ca-
pacity to enhance photocatalytic efficacy [28,29]. Among them, Agl is
considered a promising semiconductor for photocatalytic applications
due to its suitable band gap (~2.78 eV), effective absorption of visible
light, and high photosensitivity [30,31]. To date, various heterojunction
photocatalysts have been developed with Agl to improve photocatalytic
efficiency. For instance, Chen et al. developed Agl/BiVO,4 composite by
the in-situ precipitation technique and showed remarkable photo-
degradation performance of tetracycline (TC) [32]. Ahmad et al.
developed CdS/Agl using the in situ precipitation procedure, which
demonstrated exceptional efficacy in degrading TC and methyl orange
(MO) [33]. Guan et al. prepared an Agl/BiVO4 composite by a chemical
deposition-precipitation method and investigated its photocatalytic ac-
tivity to inactivate Escherichia coli (E. coli) and eliminate oxytetracy-
cline hydrochloride (OTC-HCl) [31]. Ma et al. constructed an
Agl/Tas0sx composite by combining solvothermal and chemical
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deposition approaches, demonstrating effective photocatalytic capa-
bility in the degradation of TC [34]. Given the clear advantages of
PbBiO,Br and Agl semiconductors, the integration of Agl on PbBiO,Br
offers a viable approach to create a novel photocatalyst with an effective
heterojunction that can enhance organic contaminants degradation and
bacterial inactivation. So far, there are no reports of the development of
an AgI@PbBiO4Br based heterojunction photocatalyst, particularly one
synthesized by a simple and economical process. Many current photo-
catalytic methods for removing organic pollutants are energy-intensive
and unfeasible for large-scale use [35,36]. Here, we propose a scal-
able, facile, and energy-efficient in situ deposition-precipitation
approach for the fabrication of AgI@PbBiO.Br. This innovative
method addresses a shortcoming in previous research and provides a
scalable route for the production of effective catalysts for environmental
remediation.

In this work, a novel Z-scheme AgI@PbBiO,Br photocatalyst was
developed in a simple and environmentally friendly process by a facile in
situ deposition-precipitation. The photocatalytic ability of the materials
under visible light was assessed for the removal of different pollutants.
To investigate the multipurpose potential of the Agl@PbBiO,Br photo-
catalyst for environmental remediation, its antibacterial activity to-
wards E. coli and S. aureus was also assessed. The synthesized materials
were comprehensively characterized using multiple analytical tech-
niques, and their photocatalytic processes were further clarified through
electron spin resonance (ESR) analysis and reactive species trapping
assays. The stability test for RhB elimination was conducted over four
trials using visible light exposure. In addition, density functional theory
(DFT) and liquid chromatography-mass spectrometry (LC-MS) were
used to investigate the reactive sites of the RhB molecules and their
degradation pathways, providing a comprehensive insight into the
mechanism of action. This study not only establishes a novel approach
for improving the photocatalytic efficacy of Agl@PbBiO,Br but also
broadens its use to multifunctional environmental remediation.

2. Experimentation part
2.1. Materials

Sinopharm Chemical Co., Ltd. supplied potassium iodide (KI), lead
nitrate (Pb(NO3)»), and silver nitrate (AgNO3). Beijing Solarbio Chem-
ical Co., Ltd. provided cetyltrimethylammonium bromide (CTAB).
Sigma-Aldrich Co., Ltd. supplied ethylenediaminetetraacetic acid diso-
dium salt (EDTA-2Na), neutral red (NR), RhB, TC, and methyl orange
(MO). Energy Chemical Co., Ltd. supplied benzoquinone (BQ). Aladdin
Chemical Co., Ltd. supplied bismuth nitrate pentahydrate (Bi
(NO3)3-5H20) and isopropyl alcohol (IPA). Deionized (DI) water was
utilized in the whole experiment.

2.2. Preparation of PbBiO2Br

PbBiO,Br was produced using a hydrothermal process according to
previous literature [35]. In brief, dissolve 1 mmol each of CTAB, Pb
(NOs3)2, and Bi(NO3)3-5H20 in 40 mL of DI water with constant agitation
for 30 min to prepare a homogeneous suspension. The resulting mixture
was thereafter agitated for a further half hour after the pH had been
adjusted to 14 by adding 2 M NaOH solution. The mixture was placed in
a Teflon-lined autoclave and subjected to heating at 180 °C for 12 h.
Thereafter, the resulting precipitates were centrifuged, washed, and
dried at 50 °C for a whole night. Ultimately, the dried powder was
calcined at 400 °C for 2 h to improve its crystallinity, yielding the
PbBiOyBr sample. A schematic illustration of the preparation of
PbBiO,Br photocatalyst is presented in Fig. 1.

2.3. Preparation of AgI@PbBiO2Br

The AgI@PbBiOyBr composites were prepared by a facile in situ
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Fig. 1. A schematic diagram of the production process for the PbBiO,Br photocatalyst.

deposition-precipitation technique. Briefly, 0.5 mmol of PbBiOyBr
powder was added to 25 mL of DI water and subjected to ultrasonic
treatment to obtain a homogeneous suspension. Then, AgNO3 (0.281
mmol) was introduced into the above suspension with continuous
agitation for 30 min in the dark. Afterward, the KI solution (5 mL)
containing 0.281 mmol of KI was gradually incorporated into the earlier
suspension. The resulting suspension was agitated for another 2 h to
synthesize the sample with the theoretical mass ratio of 20 wt% AgI to
PbBiO,Br. The sample was acquired using centrifugation, then washed
and dried overnight at 50 °C. The sample was named 20 %-Agl@Pb-
BiO,Br. Similarly, the composites containing 10 wt% and 30 wt%
AgI@PbBiO,Br were also prepared according to the method described
above by adjusting the mass ratio of AgI to PbBiO,Br and the sample was
named 10 %-AgI@PbBiO,Br and 30 %-AgI@PbBiO4Br, respectively. For
comparison, pure Agl nanoparticles were prepared under the same
conditions without PbBiOyBr. The preparation of the AgI@PbBiO,Br
heterojunction is shown schematically in Fig. 2.

2.4. Characterization

X-ray photoelectron spectroscopy (XPS, PHI QUANTERA II) and X-
ray diffraction (XRD, Rigaku/RINT-2000) were used to evaluate the

chemical composition and crystalline structure of the prepared samples,
respectively. The JEM-F200 microscope was used to obtain high-
resolution transmission electron microscopy (HRTEM), energy disper-
sive spectroscopy (EDS), and TEM images, while a JIB-4700F micro-
scope was used to acquire scanning electron microscopy (SEM).
Photoluminescence (PL) spectroscopy (Edinburgh FLS-1000) and
UV-vis diffuse reflectance spectroscopy (UV-vis DRS, Shimadzu UV-
3600) were utilized to analyze the optical properties. The adsorption/
desorption isotherm was utilized to quantify the surface area using a
Brunauer-Emmett-Teller (BET, V-Sorb 2800 TP) apparatus. An electro-
chemical workstation was utilized to assess the charge transfer proper-
ties by electrochemical impedance spectroscopy (EIS). A Bruker EMX-
A300 spectrometer was used to record ESR spectra and the AB SCIEX
Triple TOF 5600+ instrument was used to perform LC-MS. Using the
B3LYP/6-31G+(d, p) basis set in the Gaussian09 program, the shape and
vibrational frequencies of the RhB molecules were optimized for the DFT
calculations [37]. Natural bond orbital (NBO) analysis was employed to
examine the natural population distributions of cation, anion, and RhB
radical species.

Efenlrifuged and
washed

Fig. 2. A schematic diagram of the production process for the AgI@PbBiO,Br heterojunction.
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2.5. Photocatalytic degradation evaluation

The breakdown of RhB was employed to assess the photocatalytic
efficiency of the produced materials when exposed to visible light using
a 500 W LED floodlight (50 Hz, AC 220 V) as an illumination source. The
floodlight with the white LED was placed in the middle over the beaker
containing the reaction mixture. In each experiment, 50 mL of an
aqueous RhB solution containing 10 mg/L was used to add 50 mg of the
photocatalyst. In order to establish an equilibrium between the RhB
molecules and the surface of the photocatalyst, the solution was agitated
in the dark for half an hour before exposure to light. Once equilibrium
was achieved, the photodegradation process was initiated by turning on
the visible light source. 2 mL aliquots of the suspension were extracted at
regular times (usually every 10 min) and filtered right away via a
membrane with a 0.22 pm to get rid of the photocatalyst particles. The
concentration of RhB in the clear filtrate was ascertained by measuring
the absorption wavelength characteristic for RhB (A = 554 nm) using a
UV-vis spectrophotometer. The following formula can be used to
determine the photodegradation ratio of a pollutant [35].

Photodegradation (%) = (Co — C) / Co x 100% 1)

Here, pollutant concentrations in the photocatalytic process at initial
and final are denoted by Cy and C, respectively.

2.6. Antibacterial activity evaluation

The antibacterial effectiveness of the 20 %-AgI@PbBiO2Br was spe-
cifically assessed towards E. coli and S. aureus. The initial procedures for
the antibacterial assay involved sterilizing all culture plates, media, and
equipment via autoclaving at high temperature and pressure to guar-
antee aseptic conditions. In the antibacterial studies, the bacterial cul-
tures were initially cultivated to the logarithmic phase and then diluted
with sterile water to achieve a specific concentration in colony-forming
units per milliliter (CFU/mL). To create the photocatalyst suspension, 1
mg of the photocatalyst was measured, dispersed in 1 mL of sterile
distilled water, and sonicated to acquire a uniform suspension. In the
experiment, 200 pL of the diluted bacterial suspension was combined
with 200 pL of the 1 mg/mL photocatalyst suspension. The mixture was
then irradiated with visible LED light to initiate the photocatalytic
antibacterial reaction. After irradiation, each treated suspension was
spread evenly on sterile solid LB agar plates. The plates were incubated
at 37 °C for 24 h. To evaluate the 20 %-AgI@PbBiO,Br antibacterial
efficacy, the number of bacterial colonies on each plate was meticu-
lously counted after incubation. The results were recorded visually by
photographing the cultured plates to obtain a clear comparison of bac-
terial growth suppression. Control studies were conducted under the
same conditions without treatment with the photocatalyst.

3. Results and discussion
3.1. Materials characterization

XRD was employed to examine the crystal structures of the produced
samples, as illustrated in Fig. 3. In pure PbBiO,Br, all diffraction peaks
correspond to the tetragonal structure of PbBiO,Br as per JCPDS No.
38-1008 [38], and there is no additional contaminated phase detected,
indicating that the produced PbBiO,Br is highly pure. The Agl shows
diffraction peaks at 20 values of 22.3°, 23.7°, 25.4°, 39.3°, 42.7°, and
46.23° associated with crystal planes (100), (002), (101), (110), (103),
and (112) of Agl as per JCPDS No. 09-0374 [39,40]. The XRD patterns
of Agl@PbBiO,Br composites show a clear coexistence of two different
phases, Agl and PbBiO,Br, confirming the successful incorporation of
Agl into PbBiO2Br. The intensity of the diffraction peaks associated with
Agl increased with increasing weight ratio of Agl, consistent with the
higher amounts of Agl incorporated during the fabrication process. So,
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Fig. 3. XRD patterns of PbBiO,Br, Agl, and AgI@PbBiO,Br with different
weight ratios.

the increasing Agl content in the composite can be recognized by the
increasing intensity of the peaks. Notably, all composites exhibited
identical diffraction peaks for both Agl and PbBiO,Br, suggesting that
the incorporation of Agl did not substantially modify the phase or crystal
structure of PbBiO4Br. Thus, the XRD study confirms the successful
preparation of AgI@PbBiO2Br composites.

The chemical composition of PbBiO,Br, Agl, and 20 %-Agl@Pb-
BiO,Br was investigated using XPS. According to the XPS survey spectra
(Fig. 4a) for PbBiO2Br, Agl, and 20 %-Agl@PbBiO,Br, the elements Pb,
Br, Bi, and O can be observed in PbBiO,Br, the elements Ag and I are
found in Agl and the elements Pb, Br, Bi, O, Ag and I are present in 20
%-Agl@PbBiO,Br. In Fig. 4b, the Pb 4f peaks in PbBiO,Br at 137.95 and
142.84 eV are allocated to Pb 4f;,, and Pb 4fs/s of Pb%™, respectively
[24]. Fig. 4c shows the Bi 4f peaks in PbBiO,Br at 158.88 and 164.27 eV,
which correspond to Bi 4f;/5 and Bi 4fs 5 of Bi®™, respectively [41]. The
O 1s peaks in PbBiO,Br (Fig. 4d) appear at 529.99 and 531.24 eV, which
can be associated with the lattice oxygen in PbBiOBr [42]. The Br 3d
peaks in PbBiO4Br (Fig. 4e) are observed at 68.20 eV for Br 3ds,» and
69.19 eV for Br 3ds/p, which are associated with Br~ [43]. The Ag 3d
peaks in AglI at 367.88 eV for Ag 3ds,; and 373.89 eV for Ag 3ds3/»
(Fig. 4f) [44]. The I 3d peaks in Agl (Fig. 4g) at 619.21 and 630.69 eV are
ascribed to I 3ds/» and I 3d3/5 of I, respectively [45,46]. Interestingly,
the XPS spectra of the 20 %-AgI@PbBiO,Br show that the binding en-
ergies of Pb 4f, Bi 4f, O 1s, and Br 3d shift to slightly lower binding
energies compared to pure PbBiO,Br, while the binding energies of Ag
3d and I 3d in 20 %-Agl@PbBiO,Br shift to slightly higher values in 20
%-Agl@PbBiO,Br compared to pure Agl. The observed changes in
binding energy are caused by the altered electron density at the
PbBiO,Br and Agl surfaces in the 20 %-Agl@PbBiO,Br heterostructure,
indicating the presence of strong interfacial interactions between them
and the successful formation of a heterojunction [38]. Similar phe-
nomena were observed in previous studies [47,48], so the XPS study also
validated the successful fabrication of the 20 %-AgI@PbBiO4Br.

The morphology of the prepared PbBiO,Br and the 20 %-Agl@Pb-
BiO,Br composite was examined using SEM, as depicted in Fig. 5. Fig. 5a
illustrates that PbBiO,Br displays a uniform, sheet-like morphology.
Fig. 5b shows that in the 20 %-AgI@PbBiO2Br composite, the Agl
nanoparticles are evenly distributed and tightly anchored on the
PbBiOyBr surface. TEM image of the 20 %-Agl@PbBiOyBr (Fig. 5c¢)
further verifies the robust adhesion of AgI nanoparticles to the PbBiO2Br
surface, matching the results obtained from SEM analysis. Two separate
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Fig. 4. XPS spectra of PbBiO,Br, Agl, and 20 %-AgI@PbBiO4Br (a) the surveys, (b) Pb 4f, (c) Bi 4f, (d) O 1s, (e) Br 3d, (f), Ag 3d, and (g) I 3d.

lattice fringes can be seen in the HRTEM image (Fig. 5d), with a distance
of 0.235 nm for the AgI (1 1 0) plane and 0.290 nm for the PbBiOsBr (1
0 3) plane [33,49]. Fig. Sla—f demonstrate the EDS images, confirming
the existence of O, Br, Ag, I, Pb, and Bi in the 20 %-Agl@PbBiO,Br
heterojunction. The elemental distributions are consistent with the XPS
results. Furthermore, Fig. S2 displays the EDS spectrum in conjunction
with the corresponding elemental content (atomic%). These results
demonstrate that the 20 %-AgI@PbBiO,Br heterojunction was success-
fully prepared, in which Agl and PbBiO,Br exhibit a strong interfacial
interaction. This strong bond is expected to improve the charge sepa-
ration and transport in the AgI@PbBiO,Br heterojunction.

UV-vis DRS was used to evaluate the light absorption properties of
the prepared samples, as shown in Fig. 6a. Pure PbBiO,Br and Agl show

absorption edges at about 510 nm and 446 nm, respectively. The
Agl@PbBiO9Br composites exhibited significantly broader light ab-
sorption in the 200-800 nm range compared to the individual photo-
catalysts. The synergistic co-catalytic interaction between Agl and
PbBiO,Br is mainly responsible for the improvement of optical absorp-
tion in the visible region of AgI@PbBiO,Br composites. The Tauc
equation was used to calculate the band gap energy (Eg) of the samples:
ohv=A (hv—Eg)“/ 2. In this context, h implies to the Planck constant, a
represents the absorption coefficient, A denotes a proportionality con-
stant, v signifies the light frequency, and n represents the types of optical
transitions that occur in the semiconductor; a direct transition is rep-
resented by n = 1, and an indirect transition is represented by n = 4.
According to previous studies, both Agl and PbBiO,Br have a direct band
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Fig. 5. SEM of (a) PbBiO,Br, (b) 20 %-AgI@PbBiO,Br, (c) TEM of 20 %-AgI@PbBiO,Br, and (d) HRTEM of 20 %-AgI@PbBiO,Br.
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gap (n = 1). [19,50]. Thus, the Eg of Agl and PbBiO2Br were determined
based on the premise of direct band gaps. As shown in Fig. 6b-d, the
estimated E for PbBiO2Br, Agl, and the 20 %-AgIl@PbBiO2Br are 2.55,
2.78, and 2.52 eV, respectively. The conduction band (Ecg) of PbBiO2Br
and Agl was determined by a combination of XPS valence band (Eyg)
spectra and optical band gap values from UV-vis DRS analysis. Fig. S3a,

b shows that the Eyp of PbBiO2Br and Agl is 1.67 and 0.32 eV, respec-
tively, which aligns with the prior findings [35,51]. Thus, the obtained
Ecp of PbBiO,Br and Agl is —0.88 and —2.46 eV, respectively, derived
from the formula E; = Eyp — Ecg [52]. These band positions are crucial
for elucidating the charge transfer behavior and the underlying photo-
catalytic mechanisms within the heterostructure, as they determine the
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migration routes of the photogenerated charge carriers and are essential
for facilitating effective electron-hole separation upon light irradiation.

In order to determine the surface area of the PbBiO,Br and 20
%-Agl@PbBiO2Br, the BET nitrogen adsorption/desorption isotherms
were employed (Fig. S4). In the case of PbBiO,Br, the particular surface
area was estimated to be approximately 2.89 m?/g (pore volume 0.005
cm®/g), while for 20 %-Agl@PbBiO,Br it is approximately 1.55 m?/g
(pore volume 0.003 cms/g). The reduction of the surface area of 20
%-Agl@PbBiOBr is probably due to the deposition of Agl nanoparticles
in the interlayers or on the surface of the PbBiO2Br sheet, as shown by
the diminished pore volume of PbBiO,Br after Agl intercalation. This
BET result is consistent with results reported in previous research for
other Agl-based composites [53,54].

3.2. Evaluation of photocatalytic degradation

The photocatalytic properties of the materials were evaluated by
testing the elimination of RhB under visible light irradiation. Fig. 7a, b

Materials Science in Semiconductor Processing 202 (2026) 110128

show that pure RhB is only minimally degraded under visible light,
emphasizing that a catalyst is required to enable effective photo-
degradation. Pure PbBiO.Br exhibits relatively insufficient photo-
catalytic activity, achieving only 46.77 % RhB degradation after 70 min
of irradiation. In contrast, pure Agl showed a significantly better per-
formance and degraded about 73.58 % of RhB under identical condi-
tions. Compared to the individual components, the Agl@PbBiO2Br
composites displayed substantially enhanced photocatalytic activity.
The degradation efficiency improved with increasing Agl content in the
composite and reached a maximum when the Agl loading was 20 %. The
20 %-AgIl@PbBiOyBr composite achieved an impressive RhB degrada-
tion of 98.72 % within 70 min of visible light exposure. The improved
performance of Agl-modified PbBiO2Br is primarily because Agl and
PbBiO,Br form an efficient heterojunction that facilitates the effective
segregation of photoinduced electron-hole pairs, lowers their recombi-
nation, and boosts photocatalytic effectiveness. Conversely, the photo-
catalytic activity of the Agl@PbBiO,Br (like 30 %-Agl@PbBiO,Br)
composite decreased when the Agl content exceeded 20 %. This
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Fig. 7. (a) Photodegradation curves, (b) photodegradation efficiency, (c) pseudo-first-order kinetics of RhB removal for all samples, (d) UV-vis spectra of RhB
removal by 20 %-Agl@PbBiO,Br, and (e) color variation of RhB solutions with time by 20 %-Agl@PbBiO,Br. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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decrease in performance is likely due to the excessive Agl nanoparticles
obstructing the PbBiO2Br surface from light irradiation and thereby
reducing the generation of photoinduced charge carriers, which are vital
for the degradation process [32,55]. Consequently, the control of Agl
content is crucial to achieve the best performance of AgI@PbBiO,Br--
based photocatalysts. In addition, the experimental data were evaluated
via a pseudo-first-order kinetic model to obtain a better understanding
of the photocatalytic oxidation process, which is represented by the
following equation: InC/Cy=Kt, where K designates the reaction rate
constant, t indicates the irradiation time, Cy and C refer to the initial and
ultimate concentrations of the RhB solution [56]. The kinetic analysis
displays a clear pattern in the photocatalytic efficacy of the investigated
materials (Fig. 7c). The K values obtained for the materials are shown in
the following order: 20 %-AgI@PbBiO2Br > 30 %-Agl@PbBiO2Br > 10
%-Agl@PbBiO,Br > Agl > PbBiOyBr. Among them, the 20 %-Agl@Pb-
BiO,Br composite exhibited the maximum K value of 0.0623 min !,
demonstrating excellent photocatalytic effectiveness. The findings
demonstrated that the integration of Agl to the PbBiOyBr matrix both
improved the light absorption in the visible spectrum and increased the
overall degradation activity through a synergistic effect. Importantly,
the photocatalytic activity was significantly affected by the Agl loading
ratio. It was found that an optimum AgI content of 20 % resulted in
maximum degradation efficiency and kinetic rate. Fig. 7d shows the
changes in the UV-vis absorption spectra during the photodegradation
of RhB using the 20 %-Agl@PbBiO,Br. With increasing duration of
visible light irradiation, the distinctive RhB absorption peak at 554 nm
exhibits a pronounced blue shift to 520 nm, together with a significant
decrease in peak intensity. This shift suggests sequential N-deethylation
of RhB during the decomposition process, which is consistent with re-
sults reported by other researchers [5,57]. At the same time, the pink
color of the aqueous RhB solution decreases over time when treated with
20 %-AgIl@PbBiO-Br and eventually disappears completely, as shown in
Fig. 7e.

The photocatalytic efficacy of the 20 %-Agl@PbBiOyBr hetero-
junction was also assessed by studying the decomposition of additional
organic dyes such as MO and NR when exposed to visible light. Fig. 8a
displays the UV-vis absorption spectra of MO during its photo-
degradation by 20 %-AgI@PbBiO,Br. As irradiation time increases, the
distinctive absorption peak of MO at 464 nm consistently diminishes,
signifying the gradual degradation of the dye molecules. The peak
almost disappeared after 30 min of exposure to visible light, indicating
that MO was almost completely degraded. The MO dye was successfully
removed, as shown by the complete disappearance of the orange color
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with time in the MO solution (Fig. 8c). Similarly, the photodegradation
behavior of NR by 20 %-AgIl@PbBiO2Br is shown in Fig. 8b. With
increasing irradiation time, the absorption peak of NR at 525 nm
gradually decreases until it almost completely disappears after 60 min,
indicating extensive degradation of NR. Fig. 8d shows that the red color
of the NR solution completely disappears with time after 60 min,
demonstrating the effective degradation of NR by 20 %-AgI@PbBiO4Br.
These results confirm that the AgI@PbBiO9Br photocatalyst exhibits
broad photocatalytic efficiency and effectively degrades a range of dyes
beyond RhB, including both anionic dye (MO) and cationic dye (NR).

Although dye assays under visible light irradiation can be affected by
dye sensitization, in which excited dye molecules transfer electrons to
the catalyst [58,59]. We further evaluated the photodegradation of TC
antibiotic, a pollutant with a lower susceptibility to sensitization
(Fig. S5). No substantial removal was observed with pure TC.
Conversely, pure PbBiO2Br and AgI achieved a removal of 47.6 % and
69.4 %, respectively, within 60 min. As anticipated, 20 %-Agl@Pb-
BiO9Br demonstrated the highest efficiency of 96.7 %, confirming its
superior efficacy in degrading dyes and TC antibiotic. The substantial
removal of TC validates the intrinsic visible light activity of the catalyst.
The increased degradation activity is due to the creation of a hetero-
junction between Agl and PbBiO,Br, which increases effective charge
separation and visible light absorption, thus enabling the decomposition
of organic pollutants. As listed in Table S1, the AgI@PbBiO2Br com-
posite exhibited superior photodegradation performance compared to
numerous recently reported photocatalysts. This exceptional perfor-
mance underscores the remarkable potential of AgI@PbBiOyBr for
practical applications in wastewater treatment, especially in the effec-
tive elimination of dye impurities under visible light irradiation.

3.3. Stability investigation

The stability of the 20 %-Agl@PbBiO,Br composite was evaluated
via four successive cycles of photocatalytic breakdown of RhB when
exposed to visible light. After four cycles, the photodegradation rate of
RhB decreases only slightly (Fig. 9a and b), signifying that the 20
%-Agl@PbBiO,Br retains its exceptional stability. XRD study of the 20
%-Agl@PbBiO,Br before and following the deterioration cycles (Fig. 9¢)
indicates that the crystal structure of the composite stays largely unal-
tered, with no notable alterations in diffraction peaks. XPS spectra of the
before and after (Fig. S6a-g) indicate that the elemental composition
and chemical states of the 20 %-AgI@PbBiO,Br composite remain sta-
ble, exhibiting no significant changes after four cycles. The results
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Fig. 8. (a, b) UV-vis spectra of MO and NR removal by 20 %-AgI@PbBiO,Br and (c, d) color variation of MO and NR solutions with time by 20 %-Agl@PbBiO,Br.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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collectively indicate that the 20 %-AgI@PbBiO,Br composite displays
dependable long-term photocatalytic activity and constant efficacy in
the destruction of RhB, affirming its superior stability.

3.4. DFT analysis and possible removal routes of RhB
In order to identify potential reactive sites and intermediates of RhB
decomposition, the decomposition processes were investigated using

DFT simulations and LC-MS. Fig. 10a—c shows the structural optimiza-
tion of the RhB molecule, the highest occupied molecular orbital
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molecular electrostatic potential (MEP) mapping. The region of the
molecule capable of donating an electron is referred to as the HOMO,
while the region that cans accept an electron is termed the LUMO [60].
The electronic structure shows HOMO is at —5.290 eV, while the LUMO
is at —2.136 eV, resulting in a moderate energy gap (AE) of 3.154 eV.
The MEP mapping color scale ranges from —7.145 x 1072 to 7.145 x
10~2 Hartree, with different colors indicating various electrostatic po-
tential values on the surface, such as red regions indicating high electron
density (nucleophilic sites) and blue regions signifying low electron
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Fig. 10. (a) DFT optimized structure, (b) LUMO-HOMO, and (c) MEP mapping of RhB.
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density (electrophilic sites) [61]. To assess the overall chemical reac-
tivity of the RhB molecule, it is important to examine the Fukui indices.
The Fukui function derived from Natural Population Analysis (NPA), is
an important tool to evaluate the chemical reactivity by analyzing the
charge distributions in the RhB cationic (f *), RhB radical (f®), and RhB
anionic (f ) states. A maximum f  value for certain atomic sites means
an increased probability of attack by free radicals [62]. Table S2 shows
that the important reactive sites in the RhB molecular structure are
represented by the £ values, indicating that reactive species are likely to
attack mainly C-19 (0.6334), N-15 (0.1291), and O-33 (0.5278).

LC-MS analysis was utilized to identify and verify the intermediates
generated during the photodegradation of RhB by 20 %-AgI@PbBiOBr.
Fig. 11 and Table S3 show the potential removal routes of RhB, which
are consistent with the results of previous studies [63-65]. In route I, the
RhB molecule (m/z = 443) is attacked by reactive radicals generated
during the photocatalytic process, leading to deethylation and the cre-
ation of P1 (m/z = 415), which is then further deethylated to produce P2
(m/z = 359). After deamination and decarboxylation of P2, P3 (m/z =
285) is formed. In route II, reactive radicals attacked RhB and generated
the intermediate P1 (m/z = 415), which is later further deethylated to
generate P4 (m/z = 331). Furthermore, the intermediates P5-P9 with
m/z values of 177, 156, 118, 86, and 46 indicate the fragmentation of the
aromatic ring, which leads to the decomposition of the chromophore
structure into smaller molecules. Ultimately, these smaller molecules are
broken down by the photocatalytic process into inorganic products and
harmless small molecules.

3.5. Antibacterial studies

Wastewater often contains harmful bacteria that pose a significant
risk to public health. A photocatalytic antibacterial investigation was
carried out to test the practical applicability of 20 %-Agl@PbBiO2Br
using E. coli and S. aureus as model bacteria. As depicted in Fig. 12a and
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b, the control tests carried out both in the dark and in visible light
showed no significant antibacterial effect. However, the bactericidal
efficacy of 20 %-Agl@PbBiO,Br was initially tested in the dark. No
significant inhibitory effect against E. coli and S. aureus was observed in
the dark, indicating the favorable biocompatibility of 20 %-Agl@Pb-
BiO,Br in the dark. The photocatalytic antibacterial activity of 20
%-AgIl@PbBiO,Br was significantly increased by irradiation with visible
light using a 500 W LED light source. The survival rate of E. coli and S.
aureus decreased to around 0.01 % after 20 min of illumination, and the
bactericidal efficiency reached 99.99 % (Fig. 12c¢ and d), indicating
almost complete inactivation of the bacterial population. These results
show that 20 %-AgI@PbBiO,Br exhibits excellent photocatalytic anti-
bacterial activity under visible light, highlighting its enormous potential
for real-world use in cleaning up polluted wastewater.

3.6. Possible photodegradation mechanism

The fundamental mechanism of contaminant destruction in a typical
photocatalytic system entails the production and involvement of reac-
tive species, namely eOH, h', and ¢05. To recognize the primary reac-
tive species involved in the photodegradation of RhB, a series of radical
trapping studies were performed utilizing the 20 %-Agl@PbBiO2Br
heterojunction photocatalyst. Particular scavengers were utilized to
specifically neutralize distinct reactive species: BQ for ¢O5, EDTA-2Na
for h™, and IPA for eOH. The findings of these tests (Fig. 13a and b)
indicated that the incorporation of EDTA-2Na and BQ markedly
inhibited the photocatalytic decomposition efficacy of RhB, under-
scoring the essential roles of h™ and eO3 in the degradation mechanism.
The addition of IPA led to a negligible decrease in degrading perfor-
mance, indicating that eOH radicals contribute minimally and suppor-
tively to the overall process. The observed trend was corroborated by the
computed first-order rate K, which was determined to be 0.0072 min !,
0.0103 min-1, and 0.0315 min~" for systems with EDTA-2Na, BQ, and
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Fig. 11. A possible photodegradation pathway of RhB with 20 %-AgI@PbBiO,Br heterojunction.
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IPA, respectively (Fig. 13c). The findings collectively demonstrate that
photogenerated h' and O3 are the key active species facilitating the
photodegradation of RhB, whereas ¢OH plays a minor role.

The ESR analysis also confirmed the creation of ¢O3 and ¢OH radi-
cals in the 20 %-Agl@PbBiO4Br. Fig. 14a, b demonstrates that DMPO-

11

05 and DMPO-eOH exhibit distinct signals upon 10 min of visible light
irradiation, whereas no discernible signals are present in darkness,
confirming that PbBiO,Br and 20 %-AgIl@PbBiO,Br may produce ¢O3
and eOH radicals through visible light exposure. Furthermore, the pro-
nounced peak intensities of DMPO-eO; and DMPO-eOH in 20
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Fig. 14. ESR spectra of pure PbBiO,Br and 20 %-AgI@PbBiO,Br in the dark and under visible light exposure, (a) DMPO-eO; and (b) DMPO-eOH.

%-Agl@PbBiO,Br significantly exceed those observed in pure PbBiOBr,
reinforcing the hypothesis that 20 %-AgI@PbBiO2Br may augment the
creation of eO; and eOH radicals under visible light, hence enhancing
photocatalytic efficiency. The trapping studies and ESR investigation
validated the key involvement of reactive species (h™, eO3, ¢OH) in the
degradation of RhB by 20 %-AgI@PbBiO,Br.

The impact of charge transfer and separation on the photocatalytic
efficacy of materials was methodically assessed through PL and EIS
analyses. PL spectroscopy functions as a precise method to examine the
recombination dynamics of photoinduced charge carriers. A diminished
PL intensity typically indicates a reduction in the recombination of
photoinduced electron-hole pairs, subsequently increasing the avail-
ability of charge carriers for redox reactions and thereby enhancing
photocatalytic efficiency. Fig. 15a demonstrates that the PL emission
intensity of the 20 %-AgI@PbBiO2Br composite is markedly inferior to
that of pure PbBiOyBr. The decrease in PL intensity indicates that the
incorporation of Agl significantly inhibits charge carrier recombination,
likely due to the establishment of a heterojunction that promotes
directional charge transfer and spatial segregation of electrons and
holes. Alongside PL analysis, EIS measurements yield important findings
into the interface charge transfer behavior of photocatalysts. A reduced
arc radius in the Nyquist plot signifies diminished charge transfer
resistance, which correlates with enhanced electron transport and su-
perior charge carrier separation at the interface. Fig. 15b illustrates that
the Nyquist plot of the 20 %-AgI@PbBiO,Br composite displays a
markedly diminished semicircle diameter in comparison to the pure
PbBiO,Br, indicating improved charge transfer kinetics and enhanced
conductivity. The improvement is due to the creation of a compatible
heterojunction between Agl and PbBiOoBr, which enables the effective
migration of photoexcited electrons and holes while reducing their
recombination. Thus, the combined PL and EIS results are strong evi-
dence for the improved photoelectric properties of the modified

photocatalyst systems. In particular, to achieve high photocatalytic ac-
tivity, the 20 %-AgI@PbBiOyBr composite exhibits superior charge
carrier dynamics. These results show that the formation of hetero-
junctions increases photocatalytic efficiency by promoting charge sep-
aration and charge transfer.

The suggested photocatalytic pathway for the breakdown of organic
contaminants using the AgI@PbBiO,Br composite is depicted in Fig. 16,
based on the aforementioned experimental results. PbBiO2Br has CB and
VB values of —0.88 eV and 1.67 eV, respectively, whereas Agl has CB
and VB values of —2.46 eV and 0.32 eV, respectively. Two potential
charge transfer mechanisms can be evaluated. In a type-II hetero-
junction, upon exposure to visible light, both Agl and PbBiOsBr are
activated to produce photogenerated electrons () and holes (h™). The
photogenerated e~ from the CB of Agl migrate to the CB of PbBiOBr,
and the h™ from the VB of PbBiO4Br to the VB of Agl. In comparison to
the standard potential of Oy/e03, the CB of PbBiOyBr is substantially
more negative [66], allowing the e” accumulated in the CB of PbBiO,Br
to engage with O, in the solution and generate O3 radicals. The
accumulated h* in the VB of Agl lacks the appropriate potential to
oxidize HoO/OH ™ into ¢OH radicals [67], and the e in PbBiO4Br pro-
vides only moderate reducing capability. Thus, a type-II pathway fails to
elucidate the production of eOH radicals identified by ESR.

Conversely, a Z-scheme heterojunction offers a more precise eluci-
dation. In this system, photoexcited e~ in the CB of PbBiO2Br recom-
bines with h™ in the VB of Agl at the interface, leading to the highly
reductive e~ in the CB of Agl and the strongly oxidative h™ in the VB of
PbBiO2Br. The e in the CB of Agl can combine with aqueous O3 to
generate e0Oy radicals, which can subsequently undergo a series of re-
actions (e.g., disproportionation to HoO5 followed by photoreduction) to
generate #OH radicals, consistent with the ESR data. Meanwhile, the h™
in the VB of PbBiO2Br can directly oxidize organic contaminants into
non-toxic products, as also reported in previous studies [68,69].
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Fig. 15. (a) PL and (b) EIS spectra of the PbBiO,Br and 20 %-Agl@PbBiO,Br.
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Therefore, it can be concluded that the effective formation of Z-scheme
heterojunctions between Agl and PbBiO,Br enhances visible light ab-
sorption, boosts efficient charge carrier transport and segregation, and
offers exceptional e~ and h* oxidation and reduction capabilities.

4. Conclusion

In this study, novel Z-scheme AgI@PbBiO,Br heterojunctions were
successfully fabricated by a facile in situ precipitation process. The
fabricated material showed efficient degradation of the organic con-
taminants and significant antibacterial efficacy against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) under visible light
exposure. The 20 %-Agl@PbBiO,Br composite achieved an impressive
RhB degradation of 98.72 % within 70 min of visible light exposure
compared to pure PbBiO,Br and Agl. The degradation of methyl orange
(MO), neutral red (NR) and tetracycline (TC) by 20 %-Agl@PbBiO,Br
was also investigated, and the nearly total removal of MO, NR, and TC
was achieved, respectively. Moreover, the antibacterial efficacy of 20
%-AgI@PbBiO,Br against E. coli and S. aureus each reaches around
99.99 %. The increased degradation activity is due to the creation of a
heterojunction between Agl and PbBiOyBr, which increases effective
charge separation and visible light absorption, thus enabling the
decomposition of pollutants. Cycling studies confirmed the stability and
reusability and showed remarkable photocatalytic durability. The pho-
tocatalytic mechanism was investigated in detail using reactive species
trapping assays and ESR analysis, and it was found that h™ and O3
radicals are essential for the photocatalytic process. Additionally, the
susceptible active sites of RhB and its potential elimination routes were
elucidated by DFT calculations and LC-MS. This research proposes a
viable scheme for the production of effective photocatalysts for the
elimination of organic contaminants and pathogens from wastewater.
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