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1. Introduction

A novel n—p—n type ZnO/BiOIl/Agl ternary
heterojunction with enhanced visible-light
photocatalytic performance for pollutant

degradation and antibacterial applications

Xinxin Li, Lianjie Du,® Zhou Wan,® Doudou Xu*© and Chen Liu () *2

In this study, novel ZnO/BiOIl/Agl ternary heterojunction photocatalysts were synthesized via a facile
precipitation method to address challenges in organic pollutant degradation and microbial disinfection
under visible light irradiation. The composites were systematically characterized (XRD, SEM, TEM, XPS,
BET, UV-vis DRS, and PL), showing significantly enhanced visible light absorption, efficient charge carrier
separation, and superior photocatalytic performance, compared to binary and single-component
counterparts. The optimized ZnO/BiOl/Agl-3030 sample achieved 98.1% degradation of Rhodamine B
(RhB) and 59.1% degradation of Norfloxacin (NOR) within 3 hours, attributed to the synergistic effects of
the heterojunction structure, which facilitated efficient charge transfer and promoted the generation of
reactive oxygen species (ROS). Furthermore, the composite demonstrated remarkable antibacterial
activity against Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and methicillin-resistant
Staphylococcus aureus (MRSA), with bactericidal rates exceeding 99.8%. Cytotoxicity assays revealed
88.79% inhibition of DLD-1 colorectal cancer cells. Mechanistic studies confirmed the formation of a
unique n—p—n heterostructure, enabling effective charge carrier separation and strong redox capabilities.
Additionally, the photocatalysts exhibited excellent stability and reusability over four consecutive degra-
dation cycles, maintaining high catalytic efficiency. These findings underscore the potential of ZnO/BiOl/
Agl ternary composites as efficient and sustainable photocatalysts for environmental remediation and
antimicrobial applications.

carcinogenic, teratogenic and mutagenic. Its excessive presence
in aquatic environments not only alters water coloration but
also restricts surface water oxidation.>” Similarly, pharmaceu-

The rapid pace of urbanization and industrialization has
resulted in severe water pollution, affecting both surface water
and groundwater worldwide. Organic pollutants, such as dyes
and pharmaceuticals, are widely detected in aquatic environ-
ments and pose significant threats to the ecosystems, aquatic
organisms and human health."” These pollutants are chemi-
cally stable and highly resistant to conventional treatment
methods, leading to their persistent accumulation in the
environment.>* For instance, Rhodamine B (RhB), a synthetic
dye extensively used in textile and printing industries, is
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ticals, such as antibiotics, which are widely used and incom-
pletely metabolized, are frequently discharged into aquatic
environments.®® For example, Norfloxacin (NOR), a quinolone
antibiotic, is excreted with 40-90% of its active metabolites
intact, posing serious risks to ecosytems and human health.'>"*
Therefore, the rapid and efficient removal of such pollutants from
wastewater is critical for environmental protection and public
health.

Photocatalysis has emerged as an advanced oxidation pro-
cess (AOP) for wastewater treatment, disinfection and air
purification, offering advantages such as high efficiency, envir-
onmental friendliness and cost-effectiveness, compared to con-
ventional methods like ozone oxidation, adsorption and algal
degradation.>** During photocatalysis, photoactive semicon-
ductors generate electron/hole (e /h") pairs under light illumi-
nation, which subsequently produce reactive oxygen species
(ROS) to decompose organic pollutants.'**> For example, Cu(i)-
based metal-organic frameworks (MOFs) have demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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impressive photocatalytic performance, exhibiting 99% degra-
dation efficiency of RhB under visible light irradiation with the
assistance of H,0,, which underscores the versatility of MOFs
in organic pollutant removal.'® However, the photocatalytic
activity of semiconductors is influenced by factors such as light
absorption efficiency, redox potential, and the separation
rate of photogenerated carriers. To overcome these limitations,
strategies including heterojunction construction, doping, sin-
gle atom catalysis and defect engineering have been explored."”
Among these, the construction of heterojunction structures has
garnered particular attention due to the synergistic effect of
multiple components, which broaden the visible light absorption
range and improve carrier separation efficiency.'"*° Notably,
S-scheme heterojunctions have been shown to enhance charge
transfer rates and suppress charge recombination, as evidenced
by recent studies on ZnO-based systems with CuBi,O4, which
demonstrated efficient degradation of antibiotics and dyes
through photocatalytic activation of peroxymonosulfate.**

To date, metal oxide semiconductor-based nanomaterials
(TiO,, SnO,, ZnO, Fe,0;, and WO;) have been extensively
explored for photocatalytic degradation of harmful organic
pollutants.”® Among these, zinc oxide (ZnO) has garnered
significant attention as an important n-type semiconductor
due to its direct band gap of 3.3 eV, high exciton binding
energy, excellent electrochemical stability and low toxicity.>*°
For instance, ZnO nanoparticles in various morphologies such
as nanospheres, nanotubes and nanorods demonstrate promis-
ing photocatalytic performance, with ZnO nanospheres exhibit-
ing a degradation efficiency of 98.64% for methylene blue and
an effective degradation rate of 0.0112 min~" for ofloxacin.?®
However, ZnO suffers from intrinsic limitations, including
a narrow light absorption range confined to the ultraviolet
spectrum and rapid recombination of photogenerated e /h*
pairs, which significantly restrict its quantum efficiency.>”*®
To address these challenges, coupling ZnO with narrow band-
gap semiconductors to form heterojunction structures has
been proposed as an effective strategy. Heterojunctions not
only facilitate efficient charge separation and suppress the
recombination of e /h" pairs but also extend the light absorp-
tion range from the UV to the visible spectrum.>

Among various heterojunction systems, the combination of
ZnO and bismuth oxyiodide (BiOI) has attracted particular
attention. BiOI, a p-type semiconductor with a narrow bandgap
(1.63-1.94 eV), has been widely studied as a promising photo-
catalyst due to its unique two-dimensional layered structure.*
This structure facilitates internal electric field generation, which
promotes the separation of photoinduced carriers.*'> For
example, ZnO/BiOI nanorod heterostructures have been shown
to degrade up to 79% of RhB dyes within 4 hours under visible
light irradiation.*® Other BiOI-based heterojunction materials,
such as Bi,O;-BiOI and CeO,-BiOI, have also demonstrated
promising photocatalytic performance.**** These findings high-
light the potential of BiOI-based heterojunctions for the effective
degradation of organic pollutants. However, the photocatalytic
efficiency of ZnO/BiOI heterojunctions remains limited by the
rapid recombination of photogenerated carriers.*®
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To enhance the photocatalytic performance and antibacter-
ial effects of the composites, silver semiconductor materials
have been introduced. Silver halides (AgX, X = Cl, Br, and I) are
well-known for their strong photosensitivity, which facilitates
the degradation of various organic compounds.®” Additionally,
silver semiconductors exhibit excellent antibacterial properties,
making them highly effective antimicrobial agents.*® Among
them, silver iodide (AgI), an n-type semiconductor with a
band gap of 2.8 eV, has attracted significant interest due
to its suitable band structure. Its more negative conduction
band potential compared to many other semiconductors
enables efficient charge separation, enhanced reactive radical
generation, and effective decomposition of various contami-
nants.***® However, Agl suffers from severe photocorrosion
and particle agglomeration, which limit its stability and practical
applications.*"*> To mitigate these issues, Agl is often composited
with other materials. For example, binary Agl/ZnO composites
have demonstrated a photodegradation rate of ciprofloxacin (CIP)
of 0.0463 min~' and photocatalytic production of H, of
2.725 mmol g ' h™'.** Nonetheless, simple composite structures
do not always resolve the instability of Agl. For instance, the
photocatalytic activity of ZnO/Ag] for the degradation of MO was
significantly reduced, retaining only 73.5% of its initial activity
after the first run. Additionally, the composite material under-
went a colour change from yellow to brown, indicating AglI
decomposition.** To address these challenges, combining Agl
with other semiconductors in a stable heterojunction structure
has proven to be an effective strategy for improving both stability
and photocatalytic efficiency.*>™*

In this paper, novel ZnO/BiOI/AglI ternary heterojunction
photocatalysts were synthesized via a precipitation method.
By integrating the wide bandgap ZnO with narrow band gap
semiconductors BiOI and Agl, it is aimed to enhance visible
light driven photocatalytic activity and improve charge separa-
tion efficiency of the composite photocatalysts. The photocata-
Iytic performance of ZnO/BiOI/Agl composites was evaluated
using RhB and NOR as model pollutants. Additionally, their
antibacterial activity and cytotoxicity were assessed. Based on
the experimental results and free radical assay, a photocatalytic
mechanism was proposed. This work suggests that ZnO/BiOl/
Agl photocatalysts may be effective for the development of
efficient photocatalysts for the degradation of organic pollu-
tants and antimicrobial applications.

2. Materials and methods

2.1. Synthesis of composites

ZnO nanomaterials were synthesized using a precipitation
method. Initially, 200 mL of 0.3 mol L™" sodium hydroxide
(NaOH, Macklin) solution was prepared. Subsequently, 0.02 mol
of zinc nitrate hexahydrate (Zn(NOj3),-6H,0, Sinopharm Chemical
Reagent) was slowly added to the alkaline solution under contin-
uous stirring at room temperature for 10 minutes. The molar ratio
of OH™ to Zn®" in the reaction was maintained at 3:1. The
mixture was then heated to 80 °C and kept under these conditions
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for 3 hours. After cooling to room temperature, the resulting white
precipitate was collected by centrifugation, thoroughly washed
with distilled water and ethanol, and dried in a vacuum oven for
24 hours to obtain ZnO particles.

A series of ZnO/BiOI composites with varying BiOI contents
were synthesized and labeled as ZnO/BiOI-x, where x represents
the weight percentage of BiOI. For example, to synthesize ZnO/
BiOI-30 (indicates 30 wt% BiOI), 0.300 g of the previously
prepared ZnO was dispersed in 100 mL distilled water by
ultrasonic treatment for 10 minutes. To achieve the desired
BiOI content of 30 wt%, 0.177 g of bismuth nitrate pentahy-
drate (Bi(NO3);-5H,0, Aladdin) was added to the dispersion, as
this corresponds to the stoichiometric amount required to form
0.129 g of BiOI, as shown in Table S1 in the SI. The mixture was
stirred for 1 hour to ensure uniform distribution. Subsequently,
30 mL of potassium iodide (KI, Macklin) aqueous solution was
added dropwise, followed by a reaction at 96 °C for 3 hours. The
resulting suspension was centrifuged, and the precipitate
was washed twice with distilled water and ethanol. The final
product was dried in a vacuum oven at room temperature for
24 hours.

ZnO/Agl nanocomposites were synthesized by substituting
Bi(NO3);-5H,0 with silver nitrate (AgNO3, Sinopharm Chemical
Reagent) in the reaction process. The weight percentage of Agl
was kept at 30%. The calculation for determining the required
amount of AgNO; to achieve the desired AgI content was
performed in a similar manner to the method used for ZnO/
BiOI synthesis.

For the synthesis of ZnO/BiOI/AgI ternary nanocomposites, a
series of composite materials with varying AglI contents were
synthesized and labeled as ZnO/BiOI/Agl-xy, where x and y
represent the weight percentages of BiOI and Agl, respectively.
For instance, ZnO/BiOI/AgI-3030 (3030 indicates 30 wt% BiOI
and 30 wt% Agl) was prepared by dispersing 0.300 g of ZnO
in 100 mL of distilled water using ultrasonic treatment for
10 minutes. Subsequently, 0.177 g of Bi(NO3);-5H,0 and 0.133 g
of AgNO; were added to the dispersion, and the mixture was
stirred in the dark for 1 hour to ensure complete dispersion.
Then, 30 mL of KI aqueous solution was added dropwise and
the reaction was conducted at 96 °C for 3 hours. Table S2

Zn2* °
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Scheme 1 Preparation process of ZnO/BiOIl/Agl nanocomposites.
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summarizing the specific ratios for ZnO/BiOI/AgI-xy is provided
in the SI. The resulting precipitate was centrifuged, washed
thoroughly with distilled water and ethanol, and dried in a
vacuum oven at room temperature for 24 hours. A schematic
representation of the ZnO/BiOI/AgI synthesis process is shown
in Scheme 1.

2.2. Material characterization

All samples underwent comprehensive characterization. The
Hitachi 4800 field emission scanning electron microscope
(SEM, Japan) and the JEM-2100 instrumental transmission
electron microscope (TEM, Japan) were used to observe the
surface morphology of the synthesized samples. The JEM-2100F
(Japan) was used to record high-resolution electron microscopy
(HRTEM) images to further understand the crystal structure.
The Bruker D8 Advance X-ray diffractometer (XRD, Germany)
was used to characterize the crystalline phases of the synthetic
materials. The Energy dispersive X-ray spectrometer (EDS) was
used to examine elemental compositions for elemental map-
ping. The ESCALAB 250 X-ray photoelectron spectrometer (XPS,
USA) was used to analyze the surface chemistry. The Quanta-
chrome Autosorb iQ analyzer (USA) was used to measure N,
adsorption-desorption isotherms for pore size analysis of the
synthesized samples. The Agilent Cary 5000 UV-Vis-NIR UV-Vis
diffuse reflectance spectrometer (UV-Vis DRS, USA) was used to
characterize the optical properties of the samples. The Chen-
hua CHI660E series electrochemical analyser (China) was used
to measure the transient photocurrent response (TPC) and
electrochemical impedance spectroscopy (EIS) was used to
analyse the photogenerated carrier separation. The FLS1000
photoluminescence spectrometer (UK) was used to collect
photoluminescence (PL) spectra to assess photogenerated car-
rier recombination rates. The JES-FA200 electron paramagnetic
resonance spectrometer (Japan) was used to detect electron
spin resonance (ESR) signals of free radicals. The Agilent 6490
Series triple quadrupole liquid chromatography-mass spectro-
metry system (LC-MS, USA) was used for the detection of RhB
degradation intermediates to probe the degradation process of
the contaminants.

@ Zn+
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RE LN Wi oL
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2.3. Photocatalytic performance

The photocatalytic performance of the synthesized catalysts
was assessed by testing their ability to degrade organic pollu-
tants, specifically Rhodamine B (RhB, Macklin) as a represen-
tative dye and Norfloxacin (NOR, Macklin) as a model antibiotic
under visible light irradiation. A 300 W Xe lamp equipped with
a 420 nm cut-off filter served as the visible light source. For a
typical degradation experiment, 50 mg of photocatalysts was
suspended in 50 mL of an aqueous solution containing 10 mg
L~ of RhB or NOR. The suspension was stirred in the absence
of light for 60 minutes to establish adsorption-desorption
equilibrium between the photocatalysts and the pollutants.
Afterward, the photocatalytic reaction was initiated by exposing
the system to visible light, with the reaction temperature
maintained at room temperature using water circulation. At
30-minute intervals, 3 mL of the reaction mixture was with-
drawn, filtered through a 0.22 pym membrane, and analyzed.
The concentrations of RhB and NOR were determined using a
UV-visible spectrophotometer (Shimadzu UV-2600, Japan) by
monitoring their respective absorption peaks at 553 nm and
272 nm.***

The reusability and stability of ternary ZnO/BiOI/AgI nano-
composites were investigated through cyclic photocatalytic
degradation experiments using RhB and NOR as model pollu-
tants. The ZnO/BiOl/AgI-3030 sample was chosen for these
tests. Following each degradation cycle, the photocatalysts were
recovered via centrifugation, washed thoroughly with deionized
water and ethanol, and then dried overnight at room tempera-
ture. The recovered photocatalysts were reused for four succes-
sive cycles to evaluate their long-term stability and reusability.

To identify the active species involved in the photocatalytic
degradation, radical trapping experiments were conducted
using 1 mM scavengers. Benzoquinone (BQ, Aladdin) was
employed to capture superoxide anion radicals (O, ),
2-propanol (IPA, Aladdin) was used to quench hydroxyl radicals
(*OH) and ammonium oxalate (AO, Aladdin) was added to trap
photogenerated holes (h"). The degradation efficiencies were
compared to determine the contribution of each reactive
species to the photocatalytic mechanism.

2.4. Antibacterial performance

The antibacterial activity of ZnO, ZnO/BiOl, ZnO/Agl and ZnO/
BiOI/Agl composites was tested against three bacterial models:
Escherichia coli (E. coli, ATCC 8739) representing Gram-negative
(G™) bacteria, Staphylococcus aureus (S. aureus, ATCC 6538)
representing Gram-positive (G") bacteria, and methicillin-
resistant Staphylococcus aureus (MRSA, ATCC 43300) as a drug-
resistant bacterial strain. ZnO/BiOI composites with 30 wt% BiOI
(denoted as BiOI-30) and ZnO/Agl composites with 30 wt% Agl
(denoted as AglI-30) were selected as typical samples for compar-
ison. For the ZnO/BiOI/Agl composites, BiOI-30 was used as the
baseline, while the AgI content was varied from 10 wt% to 40 wt%.
All glassware and bacterial cultures used in the experiments were
autoclaved to ensure sterility. The bacterial cells were grown in
trypticase soy liquid medium (TSB, AOBOX).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The bacteriostatic activity of the photocatalysts was assessed
using the agar well diffusion method. Bacterial suspensions
were prepared and adjusted to a concentration of 10” CFU per
mL. A sterile cotton swab was used to evenly spread the
bacterial solution across the surface of agar plates. Wells with
a diameter of 6 mm were created using a sterile borer. For
sample preparation, 20 mg of the photocatalyst was dispersed
in 2 mL of phosphate buffer solution (PBS) and irradiated
under a 300 W Xe lamp with a 420 nm cut-off filter for
60 minutes. After irradiation, 40 pL of the photocatalyst sus-
pension was introduced into each well, and the plates were
incubated upside down at 37 °C for 24 hours. Wells without
photocatalyst served as blank controls. The antibacterial per-
formance was quantified by measuring the diameter of the
inhibition zones formed around the wells.

In addition to the inhibition zone measurements, the
reduction in bacterial concentration during the photocatalytic
antibacterial process was evaluated using the plate count
method. A 2 mL bacterial suspension (E. coli, S. aureus, or
MRSA) was mixed with 18 mL of PBS, and the bacterial
concentration was adjusted to 10® CFU per mL. Subsequently,
20 mg of the photocatalyst was added to the mixture, which was
then exposed to visible light irradiation for 60 minutes. A blank
control group without photocatalyst powder was also included.
At 20-minute intervals, 100 pL of the suspension was withdrawn,
serially diluted, and spread on an agar plate. After incubation at
37 °C for 24 hours, bacterial colonies were counted to determine
the concentration of surviving bacteria. Six parallel experiments
were conducted for each sample to ensure accuracy and reprodu-
cibility of the results.

2.5. Cytotoxicity performance

The cytotoxic effects of photocatalytic composites on colorectal
cancer cells (DLD-1 cells, obtained from Chongqing Institute
for Food and Drug Control) were assessed using a CCK-8 assay.
Briefly, DLD-1 cells (5000 cells per well) were seeded into 96-
well plates and cultured overnight at 37 °C in a 5% CO,
incubator to allow cell attachment. Photocatalytic composites
at various concentrations (0-250 ug mL™ ') were prepared in a
complete medium (CM: RPMI1640 contains 10% FBS, Bioyo-
time Technology, Beijing, China) and pre-activated under a
300 W Xe lamp to trigger their photocatalytic activity. Following
this, the CM in each well was replaced with 100 puL of the
photocatalytic nanocomposite solution, and the cells were
incubated for an additional 24 hours.

For the CCK-8 assay, the photocatalytic nanocomposite solu-
tions were removed from the wells, and the cells were gently
washed twice with 100 pL of pre-warmed CM. Subsequently, 90 uL
of fresh CM and 10 pL CCK-8 solution (Tongren Institute of
Chemical Research, Japan) were carefully added to each well,
ensuring that no air bubbles were present, as they could interfere
with the reaction. The plates were then incubated at 37 °C for
4 hours. The absorbance at 450 nm was recorded using a micro-
plate reader (Varioskan Flash, Thermo Scientific, USA). Three
independent experiments were conducted, each with triplicate
samples to ensure reproducibility and reliability of the results.

Mater. Adv., 2025, 6, 7332-7354 | 7335
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3. Results and discussion

3.1. Characterization of the photocatalysts

3.1.1. Surface morphology observation. The surface morpho-
logy and structure of ZnO, ZnO/BiOl, ZnO/Agl and ZnO/BiOl/Agl
nanocomposites were investigated using SEM. As depicted in
Fig. 1a, the pure ZnO sample exhibits a flower-like structure with
a diameter of approximately 1 pm. This configuration is formed
by the aggregation of numerous nanosheets, which converge at
the center to create a three-dimensional flower-like morphology.
In Fig. 1b, the ZnO/BiOI samples reveal the presence of regular
square BiOI nanosheets interspersed among ZnO nanosheets.
Fig. 1c illustrates that small spherical Agl particles are adhered
to the surface of ZnO nanosheets. The SEM image in Fig. 1d
demonstrates that the ZnO/BiOI/AgI composite retains the flower-
like structure, with both square BiOI nanosheets and spherical
Agl particles deposited on the ZnO nanosheets, indicating the
successful synthesis of the composite material.

The microstructure of the ZnO/BiOI/AgI was characterized
using TEM and HRTEM. In Fig. 2a, the TEM image of ZnO
sample reveals a flower-like structure composed of nanosheets.
Regions with a higher density of nanosheets appear opaque,
while the edges with fewer nanosheets are more transparent.
Fig. 2b illustrates the ZnO/BiOI/AgI sample, which exhibits a
more opaque edge compared to the ZnO image. This increased
opacity is due to the deposition of BiOI and Agl on ZnO, which
aligns with the SEM image results.>® Fig. 2c shows the HRTEM
image of the ZnO/BiOI/Agl nanocomposite with distinct fringe

1.00um

The SEM images of (a) ZnO, (b) ZnO/BiOl, (c) ZnO/Agl and (d) ZnO/BiOI/Agl.

Fig. 1
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spacings. Three lattice fringes are observed with spacings of
0.260, 0.166 and 0.230 nm, corresponding to the (002) plane of
ZnO, the (212) plane of BiOI and the (110) plane of Agl,
respectively. These measurements further confirm the presence
of ZnO, BiOI and Agl in the ZnO/BiOI/AgI photocatalyst.

3.1.2. Physical analysis. XRD analysis was used to elucidate
the crystal structures and phase compositions of the photo-
catalysts, with the results presented in Fig. 3. The patterns align
well with reference peaks reported from standard cards. All
photocatalyst samples exhibit ZnO in a hexagonal wurtzite
phase structure (JCPDS no. 99-0111), with peaks at 31.77°,
34.42°, 36.25°, 47.54°, 56.59°, 62.85°, 66.37°, 67.94° and
69.08°, corresponding to the (100), (002), (101), (102), (110),
(103), (200), (112) and (201) planes.” For ZnO/BiOI samples,
additional diffraction peaks indicate the lattice planes of the
standard tetragonal structure of BiOI (JCPDS no. 10-0445), with
peaks at 24.29°, 29.65°, 31.66°, 45.38°, 49.81°, 55.15°, and
66.12°, attributed to the (101), (102), (110), (200), (005), (212)
and (220) planes.’® For the ZnO/BiOI/Agl samples, peaks at
22.32°, 23.71°, 25.35°, 39.20°, 42.63°, 46.31°, and 71.04° asso-
ciated with the (100), (002), (101), (110), (103), (112) and (300)
planes corresponding to the hexagonal structure of AgI (JCPDS
no. 09-0374) were also observed.”® Notably, the characteristic
peaks of ZnO, BiOI and Agl were all detected in ZnO/BiOI/AgI
samples, indicating that the incorporation of BiOI and AgI into
ZnO does not significantly alter the crystal structure of ZnO.
These XRD results confirm the successful synthesis of the
ternary ZnO/BiOI/Agl composite.

1.00um

8mm x30.0k SE(M)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The TEM images of (a) ZnO and (b) ZnO/BiOI/Agl. (c) HRTEM image of ZnO/BiOl/Agl.
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Fig. 3 XRD patterns of ZnO/BiOl/Agl. (a) ZnO, (b) ZnO/BiOl, (c) ZnO/Agl and (d) ZnO/BiOI/Agl.

3.1.3. Surface elemental analysis. Fig. 4 presents the XPS
analysis results of the ZnO/BiOI/AgI photocatalysts, examining
the elemental composition and chemical states. The spectra are
calibrated using the C 1s peak at 284.6 eV. The survey spectrum
(Fig. 4a) confirms the presence of Zn, Bi, Ag, I and O in the
composite. In the Zn 2p spectrum (Fig. 4b), peaks at 1022.3 and
1045.2 eV correspond to Zn 2p;/, and Zn 2p;,, respectively,”*>°

© 2025 The Author(s). Published by the Royal Society of Chemistry

indicating that Zn is in a divalent oxidation state. The Bi 4f
spectrum (Fig. 4c) shows the peaks at 159.0 and 164.5 eV,
attributed to Bi 4f,,, and Bi 4fs,,, implying the presence of Bi**
in the composite.>®>” In the Ag 3d spectrum (Fig. 4d), the peaks
at 368.3 and 374.4 eV are assigned to Ag 3ds, and Ag 3d;,,.*
These peaks are attributed to Agl, indicating the valence state of
Ag'. No metallic silver peak is observed (two peaks at 367.2 and

Mater. Adv., 2025, 6, 7332-7354 | 7337
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373.2 eV), suggesting that no elemental silver is present, which
is consistent with the XRD results.’® The I 3d spectrum (Fig. 4e)
shows the peaks at 619.4 and 630.8 eV, attributed to I 3ds,, and
13d3, from iodine ions in BiOI and AgL.”**° The O 1s spectrum
(Fig. 4f) features a typical peak that can be fitted as a Gaussian
triplet. The peaks at 530.4, 531.4 and 533.1 eV are attributed to
0*” ions in BiOI, ZnO and O-H bonds from adsorbed water
molecules.®’™®* The XPS results further corroborate the coex-
istence of ZnO, BiOI and Agl in the ZnO/BiOI/AgI heterojunc-
tion composite, consistent with the electron microscopy image
and XRD pattern.

Moreover, EDS was employed to analyze the elemental
composition and distribution within the ZnO/BiOI/Agl nano-
composites. A typical EDS sample, using a concentration of 30
mg L~ for both ZnO and BiOI, was tested. Fig. 5 shows that in
the ZnO/BiOI/AgI-3030 sample, the Zn element constitutes
38.92 wt%, Bi 10.11 wt%, Ag 15.91 wt%, O 16.39 wt%, and I
18.67 wt%. The EDS elemental mapping, presented in Fig. 5c-g,

7338 | Mater. Adv., 2025, 6, 7332-7354

utilized distinct colors to represent the dispersion of different
elements. It is evident that the Zn, Bi, Ag, O and I elements are
uniformly dispersed throughout the nanocomposite material.
These observations confirm the successful production of the
nanocomposite catalysts.

3.1.4. BET analysis. The nitrogen adsorption-desorption
isotherms of the as-prepared photocatalysts are presented in
Fig. 6, with the inset illustrating the pore size distribution. The
specific surface area, pore volume, and average pore size of all
three nanocomposites are summarized in Table 1. According to
the TUPAC classification, the isotherms of the ZnO, ZnO/BiOI
and ZnO/BiOI/Agl samples all display type IV isotherms with a
H3 hysteresis loop.®*"®® This indicates a mesoporous structure
formed by the aggregation of plate-like materials, consistent
with the SEM observations. The mesopores likely result from
the self-assembly of ZnO nanosheets and the deposition of
BiOL%""%° Table 1 shows the specific surface area, pore volume
and average pore diameter of the three nanocomposites. There

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific surface area, pore volume, and average pore size of
nanocomposites

Specific surface Pore volume Average pore

Sample area (m* g ) (em® g™ size (nm)
ZnO 13.098 0.046 3.636
ZnO/BiO1 18.775 0.049 3.637
ZnO/BiOI/Agl 18.483 0.049 3.621

is no significant change in the pore volume and average pore
size after modifying ZnO, indicating that the introduction of
BiOI and Agl does not markedly alter the pores. Moreover, the
specific surface area of ZnO is 13.098 m”> g ', that of ZnO/BiOI
is 18.775 m*> g, and that of ZnO/BiOI/Agl is 18.483 m”> g~ .
The addition of BiOI significantly increases the specific surface
area, while Agl may cover part of the surface, slightly reducing it
in the ternary materials.”® A larger specific surface area can
provide more active sites for photocatalysis, but it does not
directly correlate with photocatalytic efficiency.”* The high
photocatalytic performance of the ZnO/BiOI/AgI ternary com-
posite is likely due to the combination of the increased specific
surface area and the reduced electron hole recombination rate.

3.1.5. UV-vis absorption spectra. The photoresponse range
is a crucial factor for determining photocatalytic performance.”
In Fig. 7a, the UV-vis diffuse reflectance spectra illustrate the
optical absorption properties of ZnO, ZnO/BiOl, ZnO/Agl and
ZnO/BiOI/Agl nanocomposites with various ratios. Pure ZnO

© 2025 The Author(s). Published by the Royal Society of Chemistry

exhibits strong absorption primarily in the ultraviolet region,
with an absorption edge below 400 nm. This limits its photo-
catalytic activity to UV light. However, when BiOI is intro-
duced, the absorption edge shifts significantly to 550 nm,
indicating enhanced absorption in the visible light region.
Similarly, the incorporation of Agl results in increased absorp-
tion around 450 nm. The ZnO/BiOI/Agl composite demon-
strates the broadest absorption range, spanning both UV and
visible regions. The extensive range is attributed to the for-
mation of a heterojunction structure, which facilitates
improved separation of e /h" pairs, thereby enhancing their
photocatalytic activity under visible light.

Based on the UV-vis DRS spectra, the band gaps (E,) of ZnO,
BiOI and Agl were determined using Tauc’s plots (Fig. 7b-d).
The method involves the Kubelka-Munk formula (eqn (1)):

1)

where o is the optical absorption coefficient, # is the Planck
constant, v is the light frequency, A is a proportionality con-
stant, E, is the band gap energy, and # is equal to 1 or 4 for a
direct or an indirect transition semiconductor, respectively.
The n values are 1 for ZnO,”® 4 for BiOI,”* and 1 for AgL.”®
The E, values of photocatalysts can be estimated by extrapolat-
ing the linear portion of the Tauc plots to intersect the
horizontal axis. Thus, the E, values of ZnO, BiOI and AgI were
found to be 3.25, 1.86 and 2.78 eV, respectively, consistent with
the previous reports.”®”®

ahv = A(hv — Eg)*"

Mater. Adv., 2025, 6, 7332-7354 | 7339


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00354g

Open Access Article. Published on 12 September 2025. Downloaded on 11/11/2025 9:24:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Paper
a 20 b so0
—7Zn0
—— ZnO/BiOI-10 ZnO
— —— Zn0/Bi0I-20 40 4
1.5 4 Zn0O/BiOI-30
= ——— Zn0/BiOI-40
E‘, :/_n().‘:A.gIJ‘O 30 4
= ZnO/BiOV/Agl-10 o
2 1.0 —— Zn0/BiOV/Agl-20 S
5] ZnO/BiOV/Agl-30 =
=) 70 O/RION S 204
‘5 ZnO/BiOl/Agl-40 ~
S
< 0.54
10 4
0.0 0 Eg=3.22 eV
T T T T T T T T T
300 400 500 600 700 2.6 2.8 3.0 32 34 3.6 3.8 4.0
Wavelength (nm) hv (eV)
c 18 d 20
BiOI
1.5 1
15 4
o124
= s
E % 10 4
S 094 E
54
0.6 4
5] Eg=1.86 ¢V i Eg=2.78 eV
T T ) T T T T T T T
1.6 1.8 2.0 2.2 24 2.6 2.8 3.0 2.4 2.6 2.8 3.0 32 34
hv (eV) hv (eV)

Fig. 7 UV-Vis DRS spectra and Tauc spectra of photocatalysts. (a) The UV-vis DRS spectra of ZnO, ZnO/BiOl, ZnO/Agl, and ZnO/BiOl/Agl
nanocomposites with various compositions. Tauc spectra of (b) ZnO, (c) BiOl and (d) Agl.

3.2. Photocatalytic performance

The photocatalytic performance of the ZnO/BiOI/AgI compo-
sites was evaluated through the degradation of RhB organic
dyes and antibiotics under visible light irradiation. RhB was
selected as a model of organic pollutants for degradation. The
UV-visible absorption spectrum of RhB exhibits a maximum
absorption wavelength at 554 nm (4may), Which was used to
monitor the concentration changes of RhB throughout the
degradation process. Prior to light exposure, the photocatalysts
were dispersed in the RhB solution and stirred for 60 minutes
in the dark to achieve adsorption-desorption equilibrium.
It is well known that pure RhB solution is inherently stable in
nature.”” As shown, the blank curve represents the RhB
solution subjected to visible light irradiation in the absence
of any catalyst, therefore, the influence of environmental fac-
tors such as visible light on its degradation is negligible.
However, upon introducing different proportions of photo-
catalysts, a significant decrease in the RhB concentration over
time is observed, as shown in Fig. 8a. This indicates that the
photocatalysts play a crucial role in the degradation process.
Due to its wide band gap, pure ZnO exhibits limited photo-
catalytic activity and is only capable of degrading a small
fraction of the RhB dye. Specifically, pure ZnO degraded only
21.0% of the RhB solution after 180 minutes of visible light
irradiation. The introduction of the BiOI composite into ZnO

7340 | Mater. Adv, 2025, 6, 7332-7354

significantly enhanced the photocatalytic activity of the com-
posite, as BiOI forms a heterojunction with ZnO, which pro-
motes charge separation and reduces the recombination of
photogenerated e /h* pairs. Among the ZnO/BiOI composite
samples tested, the ZnO/BiOI-30 sample exhibited the highest
degradation efficiency, degrading 54.3% of RhB under the
same experimental conditions. To further improve the photo-
catalytic efficiency, Agl was introduced into the ZnO/BiOI-
30 system, forming a ternary ZnO/BiOl/Agl composite. The
addition of AglI further enhanced the photocatalytic activity,
as AgI can also form a heterojunction with both ZnO and BiOI,
further extending the absorption range into the visible light
region and promoting more efficient charge separation. The
degradation rates for RhB of ZnO/BiOl/Agl ternary composites
were significantly higher compared to those of both the mono-
meric ZnO and binary ZnO/BiOI and ZnO/Agl composites, as
shown in Fig. 8b. The optimal ZnO/BiOI/AgI sample exhibited a
degradation rate of 98.1%, nearly completely degrading the
RhB dye.

The kinetics of photocatalytic degradation were further
examined using a first-order kinetic model, with the rate curves
illustrated in Fig. 8c. The degradation followed first-order
reaction kinetics, which can be described by eqn (2):

In(co/c) = kopst

(2)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where ¢ is the concentration of RhB solution during the
reaction (mg L"), ¢, is the initial concentration (mg L),
kobs is the reaction rate constant (minfl), and ¢t is the reaction
time (min), respectively. For pure ZnO, a low rate constant of
0.0012 min ™" was obtained, indicating very weak photocatalytic
activity. However, the incorporation of BiOI or AgI into the ZnO
matrix significantly increased the reaction rate. The ks for
the optimal ZnO/BiOI/AgI-3030 sample was measured to be
0.022 min~", which was 18.33 times higher than that of pure
ZnO, demonstrating the superior photocatalytic efficiency of
the ternary composite.

To further explore the dye degradation process, time-
resolved UV-vis absorbance spectra of the RhB solution were
recorded at 30-minute intervals during the photocatalytic
degradation by the ZnO/BiOI/AgI-3030 sample (Fig. 8d). The
gradual decrease in the absorption peak at 554 nm with
increasing visible light irradiation time indicates the progres-
sive breakdown of RhB molecules. After 180 minutes of visible
light exposure, the absorption intensity had decreased to
nearly zero. signifying almost complete degradation of RhB.
Additionally, the color of the RhB solution, which was initially
a deep pink, progressively faded and becomes nearly colorless
after the complete degradation, as evidenced by the inset
photographs in Fig. 8d. The results demonstrate that ZnO/
BiOI/Agl nanocomposites effectively disrupt the molecular

© 2025 The Author(s). Published by the Royal Society of Chemistry

structure of RhB, leading to the complete degradation of
contaminants.

In addition to RhB, the photocatalytic activity of the ZnO/
BiOI/Agl composites was also evaluated for the degradation of
NOR, a widely used antibiotic, under visible light irradiation.
NOR was chosen due to its extensive application and environ-
mental persistence, making it a significant pollutant of concern.®
The UV-visible absorption spectrum of NOR shows a maximum
absorption wavelength at 273 nm, which was employed to moni-
tor the concentration changes of NOR throughout the degradation
process. The degradation performance of the synthesized photo-
catalysts is illustrated in Fig. 9. The blank experiment confirmed
that visible light and other environmental factors had a negligible
effect on the degradation of NOR, indicating that photocatalysis is
the key driver of degradation. As shown in Fig. 9a, pure ZnO
exhibited limited photocatalytic activity, degrading only 10.6% of
NOR solution after 180 minutes of visible light irradiation. This
low efficiency can be attributed to the wide band gap of ZnO,
which limits its ability to absorb visible light and generate
sufficient electron-hole pairs. However, the introduction of BiOI
into ZnO to form a heterojunction significantly enhanced the
photodegradation performance. The ZnO/BiOI-30 composite
exhibited an improved degradation efficiency, degrading 22.0%
of NOR under the same experimental conditions. This improve-
ment can be explained by the fact that BiOI and ZnO formed a

Mater. Adv., 2025, 6, 7332-7354 | 7341
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heterojunction structure to accelerate electron transfer and
expand the photoresponse range, thereby enhancing the photo-
catalytic activity.

To further enhance the photocatalytic efficiency, Agl was
introduced into the ZnO/BiOI-30 system, forming a ternary
ZnO/BiOI/Agl composite. The addition of Agl further improved
the degradation efficiency, with the photocatalytic performance
increasing significantly across all ZnO/BiOI/AgI samples. As
shown in Fig. 9b, the degradation rate of NOR increased with
the Agl content, reaching an optimal value for the ZnO/BiOl/
AgI-3030 sample. This sample achieved a 59.1% removal of
NOR after 180 minutes under visible light irradiation. This
superior performance of this ternary composite can be attrib-
uted to the optimized band gap and the enhanced charge
separation efficiency facilitated by the ternary heterojunctions
between ZnO, BiOI and Agl. However, a further increase in the
Agl content beyond the optimal level resulted in a decline in
performance, likely due to excessive Agl coverage hindering
light absorption or increasing charge recombination.

The kinetics of NOR degradation were further analyzed
using a first-order kinetic model, as described by eqn (2). The
rate constant for ZnO was found to be 0.0006 min~*, confirm-
ing its weak photocatalytic activity. In contrast, the ZnO/BiOl/
Agl-3030 composite exhibited a much higher rate constant of

7342 | Mater. Adv, 2025, 6, 7332-7354

0.0049 min~', which is 8.17 times that of pure ZnO (Fig. 9c).

This demonstrates the significant enhancement in photocata-
Iytic efficiency achieved by the ternary composite.

To further explore the antibiotic degradation process, time-
resolved UV-vis absorbance spectra of the NOR solutions were
recorded at a 30 minute interval during the photocatalytic
degradation by the ZnO/BiOI/AgI-3030 sample. According to
Fig. 9d, the absorption peak at 273 nm gradually decreasing
with increasing irradiation time indicates the progressive
breakdown of NOR molecules. Although complete degradation
of NOR was not achieved within the experimental timeframe,
the results clearly show that the ZnO/BiOI/AgI-3030 composite
significantly outperforms both the monomeric ZnO and binary
ZnO/BiOI photocatalysts.

Overall, the ZnO/BiOI/AgI ternary composite materials exhi-
bit excellent photocatalytic activity for the degradation of both
dyes and antibiotics under visible light irradiation. The opti-
mized heterojunctions formed in the ternary system adjust the
band gap, improve the photoresponse range, enhance charge
separation and improve photocatalytic efficiency, making them
promising materials for the removal of organic pollutants from
wastewater.

The stability and reusability of photocatalysts are crucial
factors in determining their viability for practical applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Stable and reusable photocatalysts not only maintain high
degradation efficiency over multiple cycles but also reduce
operational costs, making them more economically feasible.
To assess the stability and reusability of the ZnO/BiOI/AgI-3030
composite, recycling experiments were conducted using both
RhB and NOR as model pollutants. The recycling experiments
followed the same degradation protocol as that used for the
initial photocatalytic degradation test. After each degradation
cycle, the catalyst was recovered by centrifugation, washed with
deionized water and dried before being reused in the next cycle.
As shown in Fig. 10, the ZnO/BiOI/AgI-3030 composite exhib-
ited excellent stability and reusability. After four consecutive
cycles, the degradation rate for RhB remained above 90%, while
the degradation rate for NOR remained above 50%. These
results indicate only a slight reduction in photocatalytic
activity, with the degradation rate decreasing by less than
10% after four cycles. The minor reduction in efficiency may
be caused by the inevitable loss of mass during the recovery
process or the potential adsorption of degradation by products
on the active site of the material. The consistent photocatalytic
performance indicates that the material maintains its func-
tional properties after recycling experiments. This stability in
performance suggests that the ZnO/BiOI/AgI-3030 composite
retains its structural integrity and active sites throughout the
cycles. Combined with its high reusability, this composite
material emerges as a strong candidate for long-term applica-
tions, particularly in wastewater treatment, where sustained
performance over multiple cycles is crucial. In summary, the
ZnO/BiOI/AgI-3030 composite not only exhibits superior photo-
catalytic activity for the degradation of both organic dyes and
antibiotics but also demonstrates excellent stability and reusa-
bility. These results highlight the potential of ZnO/BiOI/AglI-
3030 as a highly efficient and sustainable photocatalyst for the
treatment of organic pollutants in water.

3.3. Antibacterial experiment

The antibacterial properties of the synthesized catalytic materials
were evaluated using the well diffusion method and the coating
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plate method. E. coli was selected as a representative G~
bacterium model, S. aureus as a G bacterium model, and MRSA
as a model for drug-resistant bacteria. These three bacterial
strains were chosen due to their differing cell wall structures,
which provide insight into the materials’ antibacterial spec-
trum. In Fig. 11a, the well diffusion method was employed to
assess antibacterial activity by measuring the inhibition zones
formed around the catalysts, indicating bacterial growth sup-
pression. Notably, the blank samples with artificially generated
holes showed no inhibitory effect on bacterial growth. Pure ZnO
exhibited the weakest antibacterial activity, with an inhibition
zone of approximately 7 mm. The inhibition zones of ZnO/BiOI
composites were 9.1 mm, 8.4 mm and 8.9 mm for E. coli,
S. aureus and MRSA, respectively. Similarly, ZnO/AgI composites
showed inhibition zones of 9.3 mm, 8.8 mm and 9.1 mm for the
same bacterial strains. Consistent with the photodegradation
results of organic pollutants, the antibacterial activity of the
binary catalysts significantly improved upon the introduction
of BiOI or Agl, demonstrating enhanced antibacterial efficacy.
For the ternary composite heterojunctions, the ZnO/BiOI/Agl
composites exhibited the largest inhibition zones, measuring
10.6 mm, 9.9 mm and 10.2 mm for E. coli, S. aureus and MRSA,
respectively. These results suggest that the ternary material
possesses the strongest antimicrobial activity, possibly due to
the synergistic interactions among the semiconductor compo-
nents, forming heterojunction structures that enhance bacterial
death. It is also notable that all the catalyst materials displayed
stronger antibacterial effects against G~ bacteria compared to G*
bacteria. This difference in antibacterial activity may be attributed
to the structural differences in their cell walls, particularly the
thicker peptidoglycan layer in G* bacteria, which provides an
additional barrier to antibacterial agents.® Additionally, the anti-
bacterial effects on drug-resistant MRSA were comparable to those
on non-resistant strains, suggesting that the ZnO/BiOI/Agl com-
posite photocatalyst holds promise as an effective antibacterial
agent, even against drug-resistant pathogens.

Furthermore, the photocatalytic antibacterial performance
of the synthesized catalysts under visible light was assessed
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Fig. 10 Stability and reusability of the ZnO/BiOIl/Agl-3030 photocatalyst after four cycles of use. (a) Photocatalytic degradation of RhB and

(b) photocatalytic degradation of NOR.
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Fig. 11 Antibacterial properties of ZnO/BiOl/Agl composites against different bacteria. (a) Photographs of the synthesized catalysts' antibacterial
inhibition zones against different strains. (b) The survival curves of E. coli, (c) S. aureus, and (d) MRSA with synthesized catalysts under visible light.

using the coating plate method against E. coli, S. aureus and
MRSA bacteria, as shown in Fig. 11b-d. The growth of the
bacterial solution after exposure to various photocatalysts is
displayed in Fig. S1. The blank control showed minimal bac-
teria inactivated after 60 minutes of illumination, indicating
that visible light alone did not significantly impact bacterial
viability.®”> The combined catalysts demonstrated the most
pronounced antibacterial effect against E. coli. Specifically, the
bactericidal rate of the ZnO/BiOI/AgI-3030 composite reached
99.999% after 60 minutes of illumination, which was 3.15 times
higher than that of ZnO and 2.61 times higher than that of ZnO/
BiOI For S. aureus and MRSA bacteria, the ZnO/BiOI/AgI-3030
composites also exhibited excellent antibacterial effects, with
inhibition rates of 99.811% and 99.842%, respectively. Compared
to S. aureus, the performance of the synthesized catalysts against
MRSA was not diminished, indicating that the composite photo-
catalysts do not induce bacterial resistance. Additionally, the
antibacterial effect of photocatalytic materials was generally
stronger against G~ bacteria than G' bacteria, consistent with
the inhibition zone results. This difference in antibacterial activity
may be due to the thicker cell wall of G* bacteria, which offers
greater resistance to the generated ROS.**

Among the three bacterial models, the bactericidal efficiency
of the ternary composites surpassed that of both monadic and

7344 | Mater. Adv., 2025, 6, 7332-7354

binary composites, with the ZnO/BiOI/AgI-3030 sample exhibit-
ing the highest efficacy. This enhanced performance can be
attributed to the introduction of narrow band gap materials
into the wide band gap semiconductor materials, which facil-
itates the formation of a heterojunction structure, thereby
narrowing the band gap width, enhancing the photocatalyst’s
light absorption, and promoting the rapid separation of e /h"
pairs. This increases the generation of ROS, which can damage
bacterial components such as the cell wall, membrane and
proteins, ultimately leading to membrane disruption and cell
death.®* Moreover, silver-based semiconductor materials are
widely recognized for their potent antibacterial properties.®
The introduction of AgI further enhanced the bactericidal
capabilities of the composite catalyst through a synergistic
effect. Taken together, these results indicate that the ZnO/
BiOI/AgI-3030 composite photocatalysts exhibit superior photo-
catalytic antibacterial properties compared to ZnO, ZnO/BiOI
and ZnO/Agl, and thus hold great potential for application in
pollutant degradation and disinfection.

3.4. Cytotoxicity assay

The cytotoxicity of the photocatalytic composite materials
on DLD-1 cells was evaluated by using the CCK8 assay,
a commonly used method for assessing cell viability in vitro.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The cell survival rate was calculated using the following equation
(eqn (3):

Cell survival (%) = H .
n.ctrl — b.ctrl

where ODy, is the absorbance value of cells treated with different
concentrations of photocatalysts, ODy, .« is the absorbance value
of blank control cells and OD,, . is the absorbance value of cells
treated with complete medium (CM) as the negative control. The
results are shown in Fig. 12. Upon visible light irradiation, the
cell survival rate of DLD-1 cells gradually decreased as the
concentration of the composite photocatalyst increased. This
indicates that all test photocatalysts exhibit cytotoxicity to DLD-1
cells in a concentration dependent manner. Among the tested
heterojunction materials, ZnO/BiOI/AgI-3030 demonstrated the
strongest cell anti-proliferation effect, with the highest toxicity at
250 pg mL ™", where the survival rate of cancer cells was reduced
to 11.21%. Comparatively, both binary and ternary composite
heterojunction materials exhibited higher cytotoxicity against
cancer cells than the pure ZnO. The cytotoxicity order of the
tested photocatalysis was as follows: ZnO/BiOI/AgI-3030 > ZnO/
BiOI/AgI-3040 > ZnO/BiOI/AgI-3020 > ZnO/BiOI/AgI-3010 >
ZnOAgI-30 > ZnO/BiOI-30 > ZnO. This order aligns with the
photocatalytic degradation results of organic pollutants and the
photocatalytic antibacterial experiments. The observed cytotoxi-
city effects can be attributed to the generation of ROS under
visible light irradiation, including *0O,~, h" and *OH, which are
able to damage the cell membrane, induce DNA structural
damage, and ultimately destroy the structure of cells.*””*® The
construction of the ternary complex heterojunction structure
significantly enhanced the separation of e~ and h*, resulting

120
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in increased ROS production and improved cytotoxic effects.
This result suggests that the ternary ZnO/BiOI/AglI heterojunc-
tion materials have great potential for applications requiring
photocatalytic cytotoxicity, such as cancer therapy or antimicro-
bial treatments.

3.5. Mechanism of the photocatalysts

3.5.1. Roles of reactive species. To further elucidate the
mechanism of photodegradation on pollutants and the inacti-
vation of bacteria, active species trapping experiments were
conducted to identify the key reactive oxygen species (ROS)
involved in the photocatalytic degradation process. It is estab-
lished in photocatalysis that the main reactive species typically
include holes (h"), hydroxyl radicals (*OH) and superoxide
anion radicals (*0,).%° The quenching experiments were per-
formed by introducing specific scavengers into the RhB degra-
dation system using the typical ZnO/BiOI/AgI-3030 composite
as the photocatalyst. In these experiments, 0.1 mM of ammo-
nium oxalate (AO) was employed to capture h*, isopropanol
(IPA) was used to scavenge *OH, and benzoquinone (BQ) was
applied to trap *0, .°° As shown in Fig. 13a, the degrada-
tion curves of dyes in the presence of different scavengers
demonstrate that the addition of each quencher significantly
attenuated the photocatalytic performance, indicating the
involvement of all three reactive species in the degradation
process.

A more detailed analysis of the degradation rates (Fig. 13b)
reveals that the introduction of IPA led to a minor reduction in
the degradation rate, indicating that *OH plays a partial role in
the photodegradation. In contrast, the addition of AO caused a
significant decrease in the degradation efficiency, suggesting
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Fig. 12 Cytotoxicity of composite photocatalysts on DLD-1 cells.
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Fig. 13 The effect of reactive oxygen species on photocatalysis. (a) Degradation curves of RhB with different free radical trapping agents.
(b) Degradation rate of RhB in free radical trapping experiments. (c) ESR spectrum of *O,~ labeled by DMPO. (d) ESR spectrum of *OH labeled by DMPO.

that h' is a major active species in the photocatalytic reaction.
The most pronounced suppression of degradation was observed
when BQ was added, indicating that *O,™ plays a primary role in
the photocatalysis process. These results suggest that both h*
and *O," are critical to the photocatalytic mechanism, with *OH
playing a secondary role.

The ESR technique was employed using 5,5-dimethyl-1-
dimethy-N-oxide (DMPO) as a spin-trapping agent to further
confirm the generation of *O,” and °OH radicals during
photocatalysis. As illustrated in Fig. 13c and d, the ESR spectra
of both DMPO-*0O,” and DMPO-*OH were recorded under
visible light irradiation. No signals were detected in the
absence of light, confirming that radical formation is light-
dependent. After 10 minutes of visible light exposure, distinct
signals were observed for *O,~ radicals, as detected by DMPO,”"
confirming the generation of °O,  radicals in the system.
Similarly, four characteristic peaks with an intensity ratio of
1:2:2:1 were detected for DMPO-*OH, indicating the for-
mation of *OH radicals under visible light irradiation.’> These
findings are consistent with the results of the quenching
experiments, further supporting the conclusion that h* and
*0,  are the dominate reactive species in the degradation and
disinfection, with *OH contributing to a lesser extent. Thus,
the concerted action of these ROS plays a vital role in both
pollutant degradation and potential antibacterial activity.

7346 | Mater. Adv., 2025, 6, 7332-7354

3.5.2. Photoelectrochemical properties. The photoelectro-
chemical properties of the photocatalysts were analyzed to
evaluate the effects of photogenerated carrier separation and
transport efficiency of the heterojunction structures on photo-
catalytic performance under visible light irradiation. The TPR,
EIS and PL characteristics of the ZnO, ZnO/BiOI, ZnO/Agl
and ZnO/BiOl/Agl materials are presented in Fig. 14. The TPR
spectra of ZnO/BiOI/Agl composites were measured to assess
the transition efficiency of photogenerated e /h” pairs (Fig. 14a).
During the TPR test, all samples were subjected to 20-second
on-off cycles of Xe lamp irradiation. The corresponding
photocurrent responses showed a rapid increase upon light
exposure and immediate return to baseline in the absence of
light, indicating the excellent stability of the photocurrent
response.”® A higher transient photocurrent response reflects
a faster photocarrier transition rate, greater photocarrier gen-
eration, and improved photocatalytic potential.”* Among
the samples, pure ZnO exhibited the weakest photocurrent,
indicating minimal photogenerated carrier production. The
binary heterojunctions ZnO/BiOI and ZnO/AgI showed signifi-
cantly improved photocurrent responses compared to pure
ZnO, demonstrating enhanced transfer efficiency due to their
heterojunction structures. Notably, the ZnO/BiOI/Agl ternary
heterojunction displayed the highest photocurrent response,
indicating superior photogenerated carrier production, an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Photoelectric performance of composite materials: (a) TPR spec-
tra, (b) EIS Nyquist plot and (c) PL spectra.

increased transition rate, and greater photocatalytic potential
under visible light.

The EIS Nyquist plot was used to evaluate the separation and
transport of photogenerated carriers in different photocatalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The results, presented in Fig. 14b, reveal that a smaller arc
diameter in the Nyquist plot corresponds to lower charge transfer
resistance and more efficient separation of photoinduced
carriers.”®> The arc diameters of the composite photocatalysts
followed the trend: ZnO > ZnO/BiOI > ZnO/Agl > ZnO/BiOl/
Agl. Notably, the ZnO/BiOI/Agl composite exhibited the smallest
arc diameters, indicating the lowest charge transfer resistance and
the highest efficiency of photogenerated carrier separation.

The PL spectra of ZnO/BiOI/Agl composites were recorded to
further evaluate the separation efficiency of photogenerated e/
h* pairs, a crucial factor influencing the photocatalytic perfor-
mance. PL spectroscopy provides valuable insights into the
recombination dynamics of the e™/h" pairs, as the radiative
recombination of these pairs leads to photon emission, result-
ing in photoluminescence.’® In general, a reduction in PL
intensity correlates with a lower recombination rate of photo-
generated e /h" pairs, suggesting more efficient charge separa-
tion and, therefore, enhanced photocatalytic performance. As
depicted in Fig. 14c, the PL spectra of pure ZnO, ZnO/BiO],
ZnO/Agl and ZnO/BiOI/Agl composites were recorded at room
temperature under an excitation wavelength of 370 nm. Pure
ZnO exhibits a pronounced photoluminescence peak at
approximately 542 nm, which indicates a high recombination
rate of the photogenerated charge carrier. In contrast, the PL
intensity of the ZnO/BiOI and ZnO/Agl binary composites
shows a significant reduction, suggesting that the binary het-
erojunction structure in these composites effectively promoted
the separation of e~ and h”, thereby reducing recombination.
Notably, the ZnO/BiOI/Agl ternary composite exhibited the
lowest PL intensity, signifying the most efficient charge separa-
tion among the examined samples.

These photoelectrochemical results are consistent with the
findings from the photodegradation experiments. Enhanced
charge separation correlates with a greater availability of free
photogenerated e~ and h*, which subsequently participate in
the formation of ROS. ROS are known to play a pivotal role in
degradation of organic pollutants and the inactivation of bacteria.
Hence, the incorporation of BiOI and Agl into ZnO to form a
ternary heterojunction structure significantly enhances charge
carrier separation, which in turn improves both the photocatalytic
and antibacterial performance of the ZnO/BiOI/Agl composite.

3.5.3. Possible photocatalytic mechanisms. Based on the
roles of photogenerated e /h" pairs and ROS in the photocata-
Iytic process, a plausible mechanism for the ZnO/BiOI/Agl
photocatalyst under visible light irradiation is proposed. The
photocatalytic performance of the composite catalyst is strongly
influenced by the relative energy band positions of each semi-
conductor material. The valence band (VB) and conduction
band (CB) positions of the semiconductors were calculated
using the Butler formula (eqn (4) and (5)):*’

Eyp =7 — Ee + 0.5E, (4)
ECB = EVB — Eg (5)

Here Ecp and Eyp represent the CB and VB edge potentials,
respectively, while y denotes the absolute electronegativity of
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the semiconductors, and E. refers to the energy of free electrons
on the hydrogen scale (approximately 4.5 eV). The E, values of
ZnO, BiOI and Agl were calculated using the Kubelka-Munk
formula (Fig. 7). For the ZnO semiconductor, E, was calculated
to be 3.25 eV, and y was determined to be 5.79 eV.°® Based on
these values and eqn (3) and (4), the Eyp was calculated to be
2.92 eV and Ecg was calculated to be —0.34 eV. Similarly, for the
BiOI semiconductor, E; was determined to be 1.86 eV with y of
5.99 eV,”® resulting in Eyy of 2.42 eV and Ecg of 0.56 eV. For Agl,
the E, was found to be 2.78 eV and the x was 5.48 eV,'* with the
corresponding Eyg and Ecp values calculated to be 2.37 eV and
—0.41 eV, respectively.

Based on these energy levels, the possible e~ or h' transfer
pathways are illustrated in Fig. 15. Before contact, ZnO, BiOI and
Agl possess distinct band structures and Fermi levels. ZnO and
Agl, as n-type semiconductors, have Fermi levels close to their CB,
while BiO], a p-type semiconductor, has its Fermi level close to its
VB.'""1% The Fermi level of BiOI is lower than those of ZnO and
Agl. Upon contact, the difference in Fermi levels drives the
diffusion of e~ from the n-type semiconductor (ZnO and Agl) to
the p-type BiOI near the p-n interfaces, leading to the accumula-
tion of the positive charge in the n-type semiconductors, enriching
BiOI with e~ and ZnO/Agl with h*.'® This charge redistribution
continues until Fermi level equilibrium is achieved with the Fermi
level of BiOI shifting upwards and those of ZnO and AgI shifting
downwards. The resulting charge separation establishes an inter-
nal electric field at the interfaces (ZnO-BiOI and BiOI-Agl
contact),'* which synergistically enhances the photocatalytic per-
formance by promoting the migration of photogenerated carriers.
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Under visible light, BiOI and Agl exhibit strong photore-
sponsiveness, while ZnO shows a negligible response. Under
light irradiation, the e™ in the VB of BiOI and AgI are excited to
their CB. Driven by the internal electric field, the e™ in the CB of
BiOI migrates to the CB of ZnO and Agl, while h" in the VB of
Agl migrates to the VB of BiOI. This p-n-p heterojunction
structure effectively separates the photogenerated carriers and
reduces the recombination of e~ and h™.

The CB potentials of both ZnO and AgI are more negative
than the redox potential of 0,/*0,  (—0.33 eV vs. NHE),'*’
allowing the e~ in the CB of ZnO and AgI to react with O,
to generate *O, . Additionally, the VB potentials of BiOI and
Agl are not more positive than the redox potential of H,O/*OH
(2.72 €V vs. NHE),'% thus insufficient to oxidize H,O to *OH.
The h* in the VB of BiOI directly oxidize and decompose
organic pollutants. The proposed mechanism aligns well with
free radical trapping experiment results and the ESR results,
which confirms the generation of ROS during the photocataly-
tic process. The overall photocatalytic reaction can be summar-
ized as follows (eqn (6)—(12)):

ZnO/BiOI/Agl + hv — ZnO/BiOl/Agl(e” + h")  (6)

H,0 +h" —» *OH + H' (7
OH +h" > *OH +H" (8)
0O,+te — .02_ (9)

.027 + 2H++ e - Hzoz

(10)

Fig. 15 A schematic diagram of photocatalytic mechanism of the ZnO/BiOl/Agl photocatalyst for pollutant degradation and bacterial cell inactivation

under visible light irradiation.
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H,O, +e — °*OH + OH™

(11)

*0, /h"/*OH + pollutants — degradation products (12)

In conclusion, the ZnO/BiOI/AgI ternary composite photo-
catalysts exhibit an enhanced photocatalytic degradation
mechanism through the formation of an n—-p-n heterojunction.
The synergistic effect between the internal electric field and the
band alignment accelerates the movement of e~ and h* across
the heterojunction,'”” facilitating the rapid separation of
photogenerated carriers and consequently enhancing the over-
all photocatalytic performance.

3.5.4. RhB degradation pathway analysis. To elucidate the
degradation mechanism of RhB by the ZnO/BiOI/AgI-3030
photocatalyst, the intermediates generated during the degrada-
tion process were analyzed using high performance liquid
chromatography-mass spectrometry (LC-MS). Fig. S2 illustrates
the mass spectra during RhB degradation and the detected
degradation intermediates are listed in Table S3. Based on the
mass spectra of pollutant solutions at various reaction times
and previous studies,'®®*% a possible degradation pathway was
proposed, as illustrated in Fig. 16. The degradation process of
RhB (m/z = 443.19) proceeded through a series of sequential
steps, including N-de-ethylation, chromophore cracking, ring
opening and mineralization.'*® Initially, the degradation reac-
tion was triggered by the oxidative attack of ROS generated by
the ZnO/BiOI/AgI-3030 photocatalyst on the N-ethyl groups of
RhB. This stepwise removal of the four N-ethyl groups produced
intermediates with m/z values of 415.16, 387.13, 318.26 and
301.14, respectively. As the reaction progresses, these intermediates

View Article Online
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underwent further oxidation by ROS, resulting in the cleavage of
the chromophore structure and the formation of smaller inter-
mediates with m/z of 297.08, 274.24, 231.83, 223.04, 153.93, etc.
With continued oxidation, the aromatic rings of these inter-
mediates were opened, yielding low-molecular-weight alcohols
and acids with m/z values of 149.93, 130.14, 102.11, and 74.05.
Ultimately, these small molecule intermediates were further
oxidized and mineralized into inorganic products, such as
H,0, CO,, NH," and other harmless byproducts. This compre-
hensive pathway highlights the effective role of the ZBA-3030
photocatalyst in facilitating the stepwise decomposition and
mineralization of RhB through ROS-mediated reactions. The
results underscore the potential of ZnO/BiOI/AgI ternary hetero-
junctions as highly efficient photocatalysts for degradation of
organic dyes, offering a promising strategy for wastewater treat-
ment applications.

4. Conclusion

In this study, the n-p-n type heterojunction ZnO-BiOI-Agl
composite photocatalysts were successfully synthesized via a
facile precipitation method. The ternary composites exhibited a
unique flower-like spherical structure composed of nanosheets
and nanorods. The formation of the heterojunction structure
significantly extended the visible light absorption range of the
composite to 550 nm and reduced the recombination rate of
photogenerated electron-hole pairs, demonstrating the super-
ior photocatalytic properties of the n—p—n type heterojunctions.
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Fig. 16 The possible degradation pathway of RhR by the ZnO/BiOI/Agl-3030 photocatalyst.
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Photocatalytic degradation experiments using RhB and NOR
as model pollutants revealed that the ZnO/BiOI/AgI-3030 com-
posite exhibited the best performance, achieving 98.1% degra-
dation of RhB and 59.1% degradation of NOR under visible
light irradiation. The composite also demonstrated excellent
stability and reusability for multiple cycles. Furthermore, anti-
bacterial experiments using E. coli, S. aureus and MRSA as
bacterial models showed that ZnO/BiOl/Agl-3030 exhibited
superior antimicrobial performance, inactivating 99.999%,
99.811% and 99.842% of bacteria, respectively, under visible-
light irradiation. Additionally, cytotoxicity tests revealed that
ZnO/BiOI/AglI exhibited dose-dependent activity against DLD-1
cells with an inhibition efficiency of 88.79% at a concentration
of 250 pg mL ",

Mechanistic studies confirmed that the photodegradation
activity of ZnO/BiOI/Agl was primarily driven by ROS,
including®O,”, h" and *OH, as evidenced by trapping experi-
ments and ESR analysis. The calculated band gaps and energy
band positions further elucidated the role of the n-p-n com-
posite heterojunction structure in enhancing charge generation
and facilitating effective charge transfer, thereby improving the
overall photocatalytic activity. The intermediates formed dur-
ing RhB degradation were identified by LC-MS, and the corres-
ponding degradation pathways were proposed, involving
sequential N-de-ethylation, chromophore cleavage, ring open-
ing, and mineralization into harmless inorganic products.

In conclusion, this study successfully developed recyclable
ternary heterojunction photocatalysts with excellent photocata-
lytic activity and antimicrobial activities under visible light. The
results provide a deeper understanding of the mechanism
underlying the enhanced performance of n-p-n heterojunc-
tions and offer valuable insights into wastewater pollution
control.
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