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A multi-functional novel Z-scheme ZnIn,S,;/g-C3Ns
heterojunction catalyst for enhanced visible light
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Photocatalysis represents a sustainable approach for cleaner energy production, wastewater treatment, and
antimicrobial disinfection. Creating effective photocatalysts that respond to visible light is crucial for
tackling worldwide challenges related to energy and the environment. Here, for the first time, we have
reported a facile solvothermal strategy for the in situ growth of Znln,S; nanoflowers on g-CszNs
nanoflakes, where the latter were synthesized via thermal polymerization followed by ultrasonic
exfoliation. The resulting ZnIn,S4/g-CsNs (ZCN-10) composite demonstrated outstanding photocatalytic
activity, achieving 88.4% degradation of ciprofloxacin within 90 minutes under solar irradiation and
producing 3368 pM L™! of H,O, under visible light. This enhanced performance when compared to
pristine Znln,S4 and g-CsNs is attributed to the formation of a direct Z-scheme heterojunction, which
promotes efficient charge separation, broadens light absorption, and optimizes the band structure and
morphology. The ZCN-10 catalyst maintained high photocatalytic efficiency over four consecutive cycles
and also exhibited notable antimicrobial activity, producing a 17 mm inhibition zone against B. subtilis
and 30 mm inhibition zone against E. coli. Comprehensive analytical characterization confirmed the
successful synthesis and structural integrity of the nanocomposite. Mechanistic studies, including radical

scavenging and band structure analysis, revealed that the direct Z-scheme configuration significantly
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Accepted 17th July 2025 enhances charge carrier separation and utilization, facilitating the generation of reactive species such as

superoxide (‘O,") and hydroxyl ("OH) radicals, which drive advanced oxidation processes (AOPs). This
work highlights a promising route for developing earth-abundant, eco-friendly photocatalysts for
environmental remediation and sustainable energy applications.
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1. Introduction

The stark reality of environmental degradation casts a long
shadow over our future. With 85% of global wetlands decimated
and a staggering number of individuals lacking access to
potable water and adequate sanitation, the planet's ecological
health teeters precariously." Adding to this already critical
situation is the escalating threat posed by emerging contami-
nants, which not only intensify the strain on our limited
freshwater resources but also introduce significant risks to
ecology.”™ The persistent and escalating presence of antibiotics
in aquatic environments has become a widely addressed envi-
ronmental concern. Studies consistently reveal increasing
antibiotic concentrations across diverse water systems,
including surface water, groundwater, and sewage treatment
plant effluents, highlighting a problem of significant and
growing magnitude.>® Specifically, the detection of
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ciprofloxacin (CIP), a quinolone antibiotic, raises serious
concerns regarding its potential contribution to the prolifera-
tion of antibiotic resistance. The risks to both aquatic contri-
bution ecosystems and human health are heightened by CIP's
ability to facilitate the dissemination of antibiotic resistance
genes (ARGs) within aquatic habitats. Furthermore, the limited
effectiveness of current wastewater treatment methods in
removing CIP compounds the problem of antibiotic contami-
nation in water resources.” Conventional wastewater treatment
approaches, both physiochemical and biological methodolo-
gies, have proven inadequate in addressing the challenge posed
by CIP due to its substantial molecular weight and broad-
spectrum antibacterial activity. In response, advanced oxida-
tion processes (AOPs) have emerged as a promising remediation
strategy for contaminated water. These processes leverage
highly reactive radicals, such as hydroxyl ("OH) and superoxide
(f0,7), to effectively degrade diverse inorganic-organic efflu-
ents.® Among the AOPs-including photocatalysis, electro-
chemical processes, Fenton reactions, non-thermal plasmas,
ozonation, and sonolysis, photocatalysis garnered significant

Nanoscale Adv., 2025, 7, 5561-5579 | 5561


http://crossmark.crossref.org/dialog/?doi=10.1039/d5na00530b&domain=pdf&date_stamp=2025-09-09
http://orcid.org/0000-0002-3323-8678
http://orcid.org/0000-0001-5568-1171
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00530b
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA007018

Open Access Article. Published on 18 July 2025. Downloaded on 12/14/2025 10:54:58 PM.

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

(cc)

Nanoscale Advances

attention for its high efficiency, environmental sustainability,
and reliance on renewable energy sources.”™

Despite its advantages, photodegradation suffers from
limited temporal efficiency, primarily due to its moderate
response characteristics. Alternatively, the Fenton reaction
offers an effective approach for antibiotic removal, employing
hydrogen peroxide (H,O,) to generate potent oxidizing free
radicals that facilitate rapid antibiotic breakdown and elimi-
nation. Beyond Fenton-mediated decomposition, H,O, itself,
recognized as a powerful and environmentally benign oxidant,
finds application in diverse areas, including environmental
remediation, pulp bleaching, and disinfection.”” While these
remediation techniques offer promise, they often require
a continuous supply of H,0,, resulting in substantial treatment
costs. Furthermore, the large-scale implementation of H,O,
production via traditional anthraquinone oxidation or electro-
catalytic oxygen reduction is hampered by complexities,
inherent safety risks, potential contamination, and elevated
expenses."* Conversely, photocatalytic methods, which directly
utilize solar energy to reduce oxygen, present a cost-effective
alternative for H,O, generation.® Therefore, the integration of
simultaneous H,0, production and photodegradation offers
a potentially efficient strategy for the effective removal of anti-
biotics."** Apart from their well-known photocatalytic appli-
cations, nanomaterials play a crucial role in antimicrobial
disinfection due to their unique physicochemical properties at
the nanoscale.'®"” Their extremely small size and high surface-
to-volume ratio enable enhanced interaction with microbial
cells, facilitating multiple antimicrobial mechanisms simulta-
neously. These include physical disruption of microbial cell
membranes through direct contact, generation of reactive
oxygen species (ROS) that induce oxidative stress, release of
metal ions that interfere with cellular functions, and penetra-
tion into cells causing damage to intracellular components such
as DNA and proteins.*® This multifaceted mode of action makes
nanomaterials highly effective in killing a broad spectrum of
bacteria, including antibiotic-resistant strains, and reduces the
likelihood of microbes developing resistance. Furthermore, the
shape and size of nanoparticles influence their antimicrobial
efficiency by affecting their surface reactivity and ability to
interact with microbial membranes. Nanomaterials can also be
engineered as carriers for targeted drug delivery, improving
efficacy and reducing the side effects of antimicrobial agents.
These attributes collectively establish nanomaterials as power-
ful agents for antimicrobial disinfection beyond their photo-
catalytic uses."?°

Graphitic carbon nitride (g-C3N,) has attracted significant
interest in recent years as an effective metal free polymeric
photocatalyst for environmental remediation and energy
conversion owing to its excellent thermal stability, chemical
robustness, and favorable band structure.*® Despite these
advantages, g-C;N, faces several limitations such as strong
particle agglomeration especially in the bulk phase, marginal
light absorption and a tendency for rapid recombination of
photogenerated charge carriers.* Recent efforts to enhance the
photocatalytic efficiency of g-C;N, has introduced several
innovative strategies, among which the direct pyrolysis of 3,5-
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diamino-1,2,4-triazole represents a novel approach.*® This
method, while effective, involves complex structural properties
and chemistry that can limit scalability and reproducibility. In
response, nitrogen enriched carbon nitride materials from the
same class, specifically g-C3;Ns, have gained attention as next-
generation photocatalysts. Distinguished by a higher nitrogen
content and the integration of triazine rings with electron-rich
sites within its structure, g-C;Ns displays altered physico-
chemical and electronic properties that enhance its suitability
for advanced photocatalytic applications. Notably, its more
negative conduction band potential (CB) compared to that of
the O,/H,0, redox couple makes it particularly effective for
green energy processes such as H,0, production.**** Further-
more, g-C3N;, with its enhanced nitrogen content within the
triazine units, exhibits a broader conjugated structure, resulting
in a narrower bandgap, improved electrical properties, and
superior thermodynamic stability compared to g-C;Ns.
However, pure g-C3;N; has certain limitations, such as sluggish
electron-hole pair separation, slow charge transfer dynamics,
and a limited oxygen reduction capacity. To overcome these
challenges and enable its photocatalytic capability, various
strategies, such as morphological control, heterojunction
formation, and structural modification, have been explored.”®*”

Zinc indium sulfide (ZnIn,S,), a widely recognized p-type
ternary chalcogenide, has drawn substantial interest in photo-
catalysis owing to its notable electrical and optical properties,
broad visible-light absorption, environmental compatibility,
and remarkable chemical stability. Its potential application is
further enhanced by a favourable bandgap structure (2.34-2.48
eV), non-toxicity, and robust photochemical stability.?® The
layered structure of ZnlIn,S, specifically arranges Zn and In
atoms in different surroundings extending its photocatalytic
efficiency, which is further enhanced by In** with d'°
electrons.”** Nevertheless, the practical photocatalytic appli-
cation of pure ZnIn,S, is hindered by quick e /h" recombina-
tion and the susceptibility of S*~ to corrosion.?® Therefore, to
facilitate a synergistic interplay of electrons and holes and to
improve catalytic performance through surface morphology
optimization, photostability enhancement, and bandgap
modification, the development of a suitable heterojunction
composite with g-C;Nj5 is essential. ZnIn,S, with g-C3N, nano-
composites with improved photocatalytic performance were
successfully synthesized in earlier investigations for several
crucial applications.**** Recently, Dai et al.** constructed an S-
scheme ZnlIn,S,/g-C3N, heterojunction, where efficient charge
separation via an internal electric field enabled photogenerated
electrons from g-C3N, to reduce O, into ‘O, and H,0,. These
reactive oxygen species facilitated U(vi) removal without sacri-
ficial agents under aerobic conditions, achieving stability and
efficiency. Bo et al.®*® developed a Z-scheme ZnIn,S,/g-C3N,
photoelectrochemical immunosensor, where photogenerated
electrons from g-C;N, and holes from ZnIn,S, were spatially
preserved, enabling efficient charge separation and a high
initial photocurrent for sensitive CEA detection. The incorpo-
ration of BiVO, as a photoquencher further reduced electron
donor accessibility, resulting in a suppressed background
signal and achieving a wide detection range (0.0001-100 ng

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mL ") with a detection limit as low as 0.03 pg mL'. Zheng
et al* engineered a 2D/1D ZnIn,S,/g-C3N, hollow hetero-
junction with a 3:1 ratio, where type-II band alignment facili-
tated directional charge transfer and enhanced electron-hole
separation. This morphology-tuned system achieved high pho-
tocatalytic CO, reduction yields of 79.96 pmol per g CO and
17.33 CH, under visible light without sacrificial agents. Wang
et al.*® constructed an S-doped g-C3;N,/ZnIn,S, heterojunction
with a coral-like porous morphology and an enhanced interfa-
cial electric field, enabling efficient charge separation via an S-
scheme mechanism. The optimized S,.5-CN/ZIS achieved
a remarkable hydrogen evolution rate of 19.25 mmol g * h™*
and an AQE of 34.43% at 420 nm, outperforming its undoped
counterpart by 2.7 times. Liu et al.** enhanced syngas-selective
CO, reduction by constructing S-scheme ZnIn,S,/g-C;N, heter-
ojunctions with engineered microenvironments, where C-S
bonds facilitated charge flow and In vacancies boosted CO,
adsorption. This dual modulation prompted the formation of
COOH and CHO* intermediates, enabling efficient charge
utilization and controlled syngas generation under visible light.
Liu et al.** developed ZnIn,S,/g-C3;N, S-scheme heterojunctions
by loading ZnIn,S, nanoparticles onto ultrathin g-C;N, nano-
plates, forming fast interfacial charge transfer pathways and
enhancing carrier separation. The optimized GZIS-CN-0.8
showed a hydrogen evolution rate of 7.431 mmol g * h™* and
90.2% Light Green SF dye degradation within 120 minutes,
outperforming individual components by over 5-fold. Liu et al.*!
synthesized a 2D/2D S-scheme B-doped, N-deficient g-C;N,/
ZnIn,S, heterojunction, where a built-in electric field and
engineered defect sites facilitated efficient charge separation
and transfer. The optimized catalyst achieved a hydrogen
evolution rate of 2378.8 pmol g~ " h™" and over 90% tetracycline
degradation, driven by the synergistic effects of boron doping,
nitrogen vacancies, and interfacial charge dynamics. Li et al.**
fabricated flower-like CoCN/ZnIn,S, on defective g-C;N, nano-
sheets, where defect-induced charge separation and strong
interfacial coupling significantly boosted photocatalytic activity.
The catalyst achieved a high MB degradation rate constant of
0.0061 min~" up to 7.39 times higher than that of pristine
components with TOC removal rates of 85.96% for methylene
blue and 75.32% for wastewater, driven primarily by ‘OH radi-
cals. Cao et al.** developed a Tb-doped ZnIn,S,/g-C;N, photo-
catalyst that exhibited enhanced electric field modulation and
visible-light absorption, enabling efficient antibiotic degrada-
tion. The optimized 150ZIS/TCN degraded tetracycline and
tylosin 3.2 and 2.1 times faster than g-C;N,, respectively, under
simulated sunlight, demonstrating rare-earth doping as
a powerful strategy for photocatalytic wastewater treatment. In
recent developments, nitrogen-rich graphitic carbon nitride (g-
C3N;) has emerged as a promising alternative to conventional g-
C;N, catalysts. This newer variant offers enhanced properties
and broader application potential, surpassing its predecessor in
several key aspects. Zeng et al’** synthesized a g-CzNs@Sv-
ZnIn,S, heterojunction with a large surface area, achieving
rapid mineralization of 2,4-DCP and reduction of Cr(vi) within
60 minutes via efficient charge transfer across the S-type inter-
face. The CZSV-200 composite exhibited degradation kinetics

© 2025 The Author(s). Published by the Royal Society of Chemistry
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up to 4.03 times higher than those in complex water matrices.
Wang et al.* engineered a ZnIn,S,-Co;0,-(SiC@g-C3Ns) triple
heterojunction integrating P-N, Z-type, and type-II interfaces to
enhance photogenerated charge separation and migration
synergistically. This hierarchical structure enabled a remark-
able hydrogen evolution rate of 13655 pmol g~' h™*, far
surpassing that of binary systems by maximizing electron
utilization and minimizing recombination losses. Yan et al.*>*
developed a ternary Ni3S;@ZnIn,S,@g-C;Ns photocatalyst
featuring an integrated type-II and Z-scheme heterojunction
that was synthesized via hydrothermal and electrostatic self-
assembly strategies to boost hydrogen evolution. The dual-
junction configuration facilitated efficient carrier separation
and directional charge transfer, delivering a high hydrogen
evolution rate of 9750 mmol g~ " h™' - nearly 11-fold higher than
that of pure g-C3;Ns. Jagan et al.*®* demonstrated a double Z-
scheme g-C3N;/BiFeO3/ZnlIn,S, heterojunction, showing excep-
tional photo-Fenton degradation of sulfamethoxazole (97% in
60 minutes) under visible light and H,0,. The enhanced
performance stemmed from efficient Fe*'/Fe*" cycling and
accelerated charge transfer across the Z-scheme interfaces
accompanied by generation of reactive oxygen species such as
'OH, "0, and '0,.

Despite numerous advancements in ZnIn,S, and g-C;Ns-
based heterojunction photocatalysts, many of these systems
involve complex multicomponent architectures or intricate
synthetic procedures that limit scalability and reproducibility.
However, there remains a lack of focus on simplified yet effi-
cient binary systems, particularly between these two compo-
nents.” A detailed understanding of the photocatalytic process
necessitates a comprehensive analysis of the underlying reac-
tion mechanisms, with particular emphasis on the migration
behaviour of photogenerated charge carriers. To address this,
we have developed a straightforward photocatalyst by anchoring
ZnIn,S, nanoflowers directly onto g-C;N5 nanosheets, offering
a structurally simple yet functionally robust platform for effi-
cient photocatalytic applications. In this work, a series of
ZnlIn,S,/g-C3Ns nanocomposites were fabricated. The g-C3Njs
nanosheets were synthesized via a straightforward thermal
polymerization method followed by ultrasonic exfoliation, while
ZnlIn,S, was grown in situ on the g-C;Ns nanosheets using
a hydrothermal technique at varying weight percentages. The
nanocomposites were evaluated for their multifunctionality in
photocatalytic ciprofloxacin degradation and hydrogen
peroxide production. The structural and functional integrity of
the catalysts was validated through a range of analytical tech-
niques. Furthermore, antibacterial performance was assessed
using the zone of inhibition method, demonstrating effective
activity against B. subtilis and E. coli. This study provides
a comprehensive evaluation of the nanocomposites’ antibacte-
rial and photocatalytic capabilities, with a specific focus on the
heterojunction construction and the various parameters influ-
encing photocatalytic efficiency. The electron transfer mecha-
nism of photogenerated carriers in the ZnIn,S,/g-C5N5 system
was investigated through redox photocatalytic reactions,
employing ciprofloxacin as the model contaminant.
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2. Experimental section

2.1. Reagents

Zinc nitrate hexahydrate (MERCK), indium(m) chloride (Sigma-
Aldrich), thioacetamide (Sigma-Aldrich), ammonium chloride
(Sigma-Aldrich), absolute ethanol (SRL), methanol (SRL), acetone
(MERCK), 3-amino-1,2,4-triazole (Sigma-Aldrich), ciprofloxacin
hydrochloride monohydrate (Sigma-Aldrich), sodium hydroxide
pellets (MERCK), hydrochloric acid (MERCK), 2-propanol
(MERCK), p-benzoquinone (MERCK), citric acid (MERCK),
dimethyl sulfoxide (MERCK), Aquivion (Sigma-Aldrich), tereph-
thalic acid (LOBA), nitro blue tetrazolium (Sigma-Aldrich), and
hydrogen peroxide (Sigma-Aldrich) were used. All the chemicals
are of analytical grade and were used without further purification.

2.2. Synthesis of g-C;N5 bulk/nanosheets

2-C3N; (CN) was prepared via thermal pyrolysis by heatinga1:1
ratio of 3-amino-1,2,4-triazole and ammonium chloride at 500 °
C for 3 hours, with a controlled ramp rate of 5 °C min~".° The
resulting bulk CN, characterized by its ochre colour, was finely
ground. To achieve nanosheet morphology, the bulk material
underwent ultrasonic exfoliation in methanol for 2 hours. The
exfoliated CN nanosheets were then separated by centrifugation
at 8000 rpm and subsequently dried at 80 °C overnight to CN
nanosheets.*

2.3. Synthesis of the ZnIn,S,/g-C;N; nanocomposite

To prepare the ZnIn,S,/g-C3N5 (ZCN) composite, an appropriate
amount of CN powder was first dispersed in 100 mL of distilled
water by sonication. An excess amount of thioacetamide (8 mmol)
was then added, along with zinc nitrate hexahydrate (1 mmol) and
indium chloride (2 mmol), under continuous stirring. The
homogenized mixture was then hydrothermally treated under
reaction conditions of 180 °C for 12 hours.”® Upon cooling, a pale
yellow ZCN composite was collected via centrifugation, followed
by water and ethanol cleaning to eliminate sulphur impurities.

@--
Stirring, 30 minutes

e

(Z(NO,); + InCl; + C;H;NS) 180°C, 12 hrs.

g-C3Ns

4. 5

-\:_)

Washing & drying

Ground
@

g-C;Ns nanosheets

Hydrothermal treatment

Washing & drying

Ultrasonication

Methanol, 2 hrs.
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The final product was then oven-dried at 80 °C overnight. ZCN
composites of various ZnIn,S, percents (5%, 10%, and 15%) were
synthesized and marked as ZCN-5, ZCN-10, and ZCN-15. Pristine
ZnIn,S, was synthesized by the same method except for the
addition of CN and marked as ZIS. All the synthesis methods are
well illustrated in Scheme 1.

2.4. Photocatalytic ciprofloxacin degradation

Ciprofloxacin (CIP) was chosen as the model pollutant for evalu-
ating the photocatalytic degradation performance. In a typical
experiment, 0.04 g of the ZCN-10 catalyst was added to 20 mL of
an aqueous CIP solution (20 ppm). Before photocatalytic reac-
tions, an adsorption-desorption equilibrium of CIP was estab-
lished in the reacting solution by stirring it for 30 minutes in the
absence of light. All the photocatalytic experiments were then
conducted on the rooftop of our laboratory facility in Bhuba-
neswar, Odisha, India, during June. The recorded solar intensity
was found to be 856 W m™>. The overall light illumination time
was 90 minutes; at every 15-minute intervals, 3 mL aliquots were
withdrawn, and the sample was separated by centrifugation. The
residual amount (in ppm) of CIP was determined using a UV
1900i spectrophotometer, and degradation efficiency (n) was

. . Ci— C .
determined using the formula, n = {le}’ where C; is the
i

initial amount of CIP and C; is the amount at a given time after
irradiation. All results presented are the mean from a minimum
of three independent results. Cycling stability tests were per-
formed using ZCN-10 following the standard photocatalytic
degradation procedure. After each cycle, the material was recov-
ered by centrifugation, followed by thorough washing with water
and ethanol to remove residual contaminants, and then dried
before being reused in the subsequent cycle.

2.5. Photocatalytic hydrogen peroxide production

Photocatalytic hydrogen peroxide (H,0,) generation was carried
out by dispersing 0.02 g of the catalyst in 50 mL of 10%

[——

Znin,S,/g-C;Ng

Calcined at 500°C, 3hrs.

|

Ground

Bulk g-C;Ng

C,H N, + NH,CI

Scheme 1 Schematic illustration for synthesis of ZnlnyS4, g-C3Ns and ZnlnyS4/g-CsNs composites.
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isopropanol. The suspension was sonicated for 10 minutes to
achieve homogeneity. A specifically designed photocatalytic
setup, with a water-circulated double-jacketed reactor connected
to a 300 W xenon lamp emitting visible light (A > 420 nm), was
used for the experiments. To provide a continuous oxygen supply
for the reduction process, O, gas was bubbled into the mixture
throughout the reaction. During irradiation, 3 mL samples were
collected at every 15-minute intervals for 90 minutes. After each
sampling, the catalyst was removed via centrifugation. The H,0,
concentration in the collected sample was combined with 1 mL
0.4 M potassium iodide (KI), and 1 mL 0.1 M potassium hydrogen
phthalate (KHP). After resting for about 20 minutes, a yellow
colouration developed with intensity corresponding to the H,0,
concentration. The final mixture was diluted, and its absorbance
at 350 nm was recorded using a UV-1900i spectrophotometer.

2.6. Antibacterial activity

The antibacterial activity of ZIS, CN, ZCN-5, and ZCN-10
composites was evaluated using agar well diffusion, where
freshly cultured Gram-positive B. subtilis and Gram-negative E.
coli were employed for the assay. Initially, 20 mL of Mueller
Hinton Broth (MHB) solution was taken to which the bacterial
strain was sub-cultured overnight. Then sterile Petri dishes were
prepared using 20 mL of Mueller Hinton Agar (MHA) which was
gelled at room temperature, after which the bacterial strain was
uniformly spread on the surface of the plate. Then with the help
of a sterile cork borer 6 mm-sized wells were made, and 60 pL of
each composite sample, prepared at 10 mg mL™", was intro-
duced into the wells. The plates were then kept undisturbed at

View Article Online
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37 °C for incubation overnight, and the inhibition zones were
measured in millimeters.

2.7. Electrochemical measurements

5 mg of the catalyst sample was homogenized in 100 pL of
methanol, followed by the addition of 5 uL of Aquivion as
a binder. The sample mixture was further ultrasonicated for 10
minutes to ensure uniform homogeneity of the catalyst. The
suspension was then applied onto a1 x 1 cm fluorine-doped tin
oxide (FTO) electrode using a simple drop-casting method. After
coating FTO was left undisturbed to dry overnight at 60 °C. The
as-prepared FTO-supported uniform catalyst film was taken as
a working electrode for all the electrochemical measurements.

Electrochemical measurements were done using a standard
three-electrode setup, with a reference electrode (saturated
calomel), counter electrode (platinum wire), and FTO film as
a working electrode. 0.2 M Na,SO, was taken as electrolyte and
purged with nitrogen to remove all the dissolved oxygen. Elec-
trochemical impedance spectroscopy (EIS) and Mott-Schottky
measurements were conducted at an applied potential of 0.2 V,
using a 2 mV AC signal.

2.8. Sample characterization

A comprehensive analysis of the composite was conducted
using various analytical techniques. The crystallographic
studies were done using X-ray diffraction (XRD) on Panalytical
X'Pert Pro employing Cu Ka. (A = 1.5406 A) with an angle of 5° to
80°. Functional groups were identified by analyzing molecular
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vibrations through Fourier-transform infrared spectroscopy
(FT-IR), carried out on a Spectrum 2 (PerkinElmer) instrument.
For this, pellets were prepared by mixing the sample with
potassium bromide (KBR), targeting the absorption range of
600-4000 cm™~'. Surface morphology was examined using
a Zeiss Gemini SEM450 Field Emission Microscope (FE-SEM)
and a JEOL JEM2100 PLUS Transmission Electron Microscope
(TEM). Optical properties were studied using UV-Vis Diffuse
Reflectance Spectroscopy (UV-DRS) in the range 200-800 nm,
recorded on a LAMBDA 750 UV-Vis-NIR Diffuse Reflectance
Spectrophotometer (DRS) (PerkinElmer), with boric acid as
a reference. Photoluminescence spectra (PL) were acquired at
room temperature using an EDINBURGH FLS 1000 fluorescence
spectrophotometer. Electrical measurements were carried out
using Ivium electrochemical workstations.

3. Results and discussion

3.1. Crystallographic and functional group analysis

X-ray diffraction (XRD) analysis of CN, ZIS, and ZCN-10 is
depicted in Fig. 1a. In the XRD pattern of CN, two intense peaks
at 12.8° and 27.6° indicate (100) and (002) planes, which are
attributed to the in-plane conjugated aromatic C-N bonds likely
in g-C3N, corresponding closely to JCPDS no. 01-087-1526.*” The
characteristic diffraction planes of ZIS with (006) at 21.6°, (102)
at 27.7°, (104) at 30.37°, (108) at 39.64°, (110) at 46.9°, (116) at
51.82°, and (022) at 55.86° planes are observed which indicates
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corresponding to JCPDS no. 65-2023.*® The XRD pattern of ZCN-
10 exhibits diffraction planes corresponding to both CN and
ZIS. This indicates that the incorporation of components does
not significantly alter their respective crystallinities. In addition
to crystallographic studies, Fig. 1b illustrates the FTIR spectrum
of the modified and unmodified ZIS and CN composites. In
addition to the XRD pattern, the FTIR spectrum of the pure and
composite forms of CN, ZIS and ZCN-10 are presented. A wide
absorbance peak for the N-H stretching vibrations of the
triazine rings in graphitic carbon nitride and the O-H stretch-
ing of adsorbed water molecules was noted at 3075 cm .
Characteristic peaks corresponding to aromatic C-N stretching
vibrations, commonly found in triazine derivatives, appear
within the range of 1138 to 1623.77 cm™'. Notably, the
stretching vibrations of C-N at 1236.44 cm™ ' and C=N bonds at
1623.77 cm™ " were obtained.*” Moreover, a strong absorption
band centered at 806 cm ™ is observed, corresponding to the
bending mode of the triazine ring, indicative of the in-plane
breathing mode of the heptazine units. These spectral
features collectively confirm the successful formation of the CN
structure, consistent with previous literature.>*® The successful
synthesis of the ZCN-10 composite is further corroborated by
FTIR analysis, which reveals consistent spectral features with
the individual components. Notably, the characteristic peak at
806 cm ', corresponding to the triazine ring bending vibration,
appears reduced in the composite. This attenuation is likely due
to the formation of ZIS nanoflowers on the CN surface, which

the successful formation of the hexagonal ZIS structure closely ~Partially —obscures or disrupts the vibrational mode.
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(a) XPS survey of ZCN-10. (b) C 1s, (c) N 1s, (d) Zn 2p, (e) In 3d, and (f) S 2p XPS spectra.
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Additionally, weak absorption peaks obtained at 1396 and
1629 cm™' are attributed to hydroxyl groups and surface
adsorbed water molecules associated with the primitive ZIS
structure. These observations support the effective integration
of ZIS with CN in the composite material.>

3.2. X-ray chemical state and surface composition analysis

Furthermore, the XPS spectra provide clear evidence for the
successful integration of ZIS onto CN nanosheets, as indicated
by the survey scan for the ZCN-10 composite in Fig. 2a, which
displays distinct signals for C, N, Zn, In, and S, confirming the
composite's elemental composition. The high-resolution C 1s
spectrum (Fig. 2b) reveals peaks at 284.77, 287.28, and

(a).

®.
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288.25 eV, corresponding to C-C, C-N, and C=N environments,
respectively, characteristic of the graphitic carbon nitride
framework.” In the N 1s region (Fig. 2c), peaks at 397.95,
398.83, and 400.08 eV are attributed to pyridinic, triazine, and
amino nitrogen species, reflecting the diverse nitrogen envi-
ronments in the carbon nitride matrix.>* The Zn 2p and In 3d
(Fig. 2d and e) spectra show binding energies at 1022.07 and
1045.06 eV and 445.03 and 452.54 eV, respectively, which are
slightly shifted compared to their pure phases, indicating
strong electronic interactions and possible charge transfer at
the ZCN-10 interface. The S 2p spectrum (Fig. 2f) with peaks at
161.81 and 163.23 eV confirms the presence of sulfide species
from ZIS.”® Collectively, these features demonstrate the forma-
tion of a well-coupled heterojunction, where the observed shifts

Fig. 3
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(a) FE-SEM image of ZIS, (b) FE-SEM image of CN, (c) FE-SEM image of ZCN-10, (d and e) HR-TEM images of ZCN-10, (f) SAED pattern, (g)
EDAX spectra, and (h), (i) colour mapping of the ZCN-10 composite.
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in binding energies suggest enhanced interfacial charge trans-
fer, which is beneficial for improving the composite's photo-
catalytic properties.

3.3. Morphological analysis

To investigate the microstructure and morphology of CN, ZIS,
and ZCN-10, analyses such as FE-SEM, TEM, HR-TEM, and
EDAX were employed. The ZIS structure, as shown in Fig. 3a,
exhibits a three-dimensional nanoflower-like morphology.** In
contrast, Fig. 3b reveals that the pristine CN features a typical
nanosheet-like structure with a smooth surface.” Its pliable
nature and partially flake-like edges are attributed to the
thermal condensation polymerization process at high temper-
atures followed by ultrasonic exfoliation. With this large surface
area of CN nanosheets, a mixed sheet-like morphology emerges,
as evidenced in the FE-SEM and TEM images (as shown in
Fig. 3c and d). The HR-TEM analysis (Fig. 3e) further highlights
lattice fringes corresponding to both ZIS and CN at specific
interplanar spacing with mixed phase structures, while the
SAED pattern (Fig. 3f) confirms the corresponding indexed
planes. Additionally, EDAX data (Fig. 3g) and color mapping
(Fig. 3h and i) along with HR-TEM images confirm the uniform
distribution of ZIS over CN nanosheets.*

3.4. Optical and electrochemical analysis

UV DRS was utilized to study the photophysical properties of
CN, ZIS, and ZCN-10, as depicted in Fig. 4a. The synthesized
materials demonstrated broad optical absorption spanning the

(a).

1.0

(b).
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UV and visible regions, suggesting their suitability for photo-
catalytic applications under visible light. The absorption edges
for pure CN and ZIS were identified near 438 nm and 750 nm,
respectively.>* Incorporating ZIS into CN resulted in a notice-
able blue shift in the absorption edge, along with a marked
increase in light absorption across a spectrum of 200-800 nm.
This enhancement highlights the synergistic interactions
between the components and improved light-harvesting effi-
ciency of the composite. The inset of Fig. 4b shows Tauc plots
(Kubelka-Munk)®® to calculate the optical bandgaps of CN, ZIS,
and the ZCN-10 composite based on eqn (1),

ahv” = B(hy — Eg) (1)

where o denotes the absorption coefficient, 4y denotes photon
energy, and vy represents the type of electronic transition; y = 1/
2 corresponds to an allowed indirect transition, while v = 2
corresponds to an allowed direct transition. 8 denotes the
proportionality constant and E, denotes the bandgap in eV. As
illustrated in Fig. 3b the bandgaps of CN (1.79 eV), ZIS (2.24 eV),
and ZCN-10 (1.91 eV) which are consistent with values previ-
ously reported in the literature.®** The bandgap of the
composite is lower than that of pristine ZIS but higher than that
of CN, indicating that coupling of ZIS and CN can effectively
improve the optical activity, broaden the visible-light response,
and enhance the photocatalytic performance.
Photoluminescence (PL) spectral analysis was conducted to
gain insights into the charge separation efficiency of carrier
species (e"/h") in the individual catalysts and their composite
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(@) UV-DRS spectra, (b) Tauc plots for bandgap estimation, (c) PL spectra, (d) EIS Nyquist plots, (e and f) Mott—Schottky plots for the
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form. The intensity of the PL signal is directly related to the rate
at which electron-hole pairs recombine; stronger PL signals
generally imply a higher recombination rate, which in turn
reduces the photocatalytic efficiency. The results obtained from
PL analysis (as shown in Fig. 4c) aligned well with the findings
from UVDRS, reinforcing the conclusion that lower PL intensi-
ties correspond to more effective charge separation.”® In the
study, the fluorescence emission spectra of ZIS, CN, and their
composite ZCN-10 were recorded at an excitation wavelength of
320 nm. ZIS exhibited a pronounced emission peak, suggesting
a significant rate of electron-hole recombination, which limits
its photocatalytic performance. CN, on the other hand, showed
a moderately lower emission peak, indicating relatively
improved but still limited charge separation ability. Interest-
ingly, when ZIS and CN were integrated to form the ZCN-10
heterojunction, a substantial decrease in PL intensity was
observed.*>* This notable reduction in fluorescence is attrib-
uted to the synergistic interaction between the two semi-
conductors, which facilitates more efficient spatial separation
of carrier species at the heterojunction interface, thereby
significantly suppressing recombination and enhancing the
overall photocatalytic performance of the composite.>

Complementary to the PL study, the electrochemical
impedance spectroscopy (EIS) analysis offers additional insight
into the charge transfer processes of the CN, ZIS, and ZCN-10
samples. As depicted in Fig. 4d, the Nyquist plot of the ZCN-
10 composite displays the smallest semicircle among all
samples,®* which reflects a notably lower charge transfer resis-
tance at the electrode-electrolyte interface compared to CN and
ZIS. This reduced resistance indicates that ZCN-10 enables
more efficient separation and migration of photogenerated
charge carriers, a factor that is closely associated with its
enhanced photocatalytic performance.””>** An equivalent
circuit model used to interpret the EIS data, shown in the inset
of the plot, consists of a series resistance (R;), in series with
a parallel combination of a charge transfer resistance (R,), and
a double-layer capacitance (C). For ZCN-10, the extracted values
(Ry = 1.431 Q, R, = 3.338 Q, and C; = 0.122 puF) confirm
a substantial decrease in interfacial resistance relative to the
individual CN and ZIS materials. This result underscores the
beneficial effect of the composite heterojunction structure,
which facilitates rapid interfacial electron transfer and effec-
tively suppresses charge recombination.>®

In addition to the determination of bandgaps for all the
materials, their band edge positions were also estimated with
the help of Mott-Schottky plots. This was done by extrapolating
to C? = 0 at a frequency of 1000 Hz. As shown in Fig. 4e and f
the Mott-Schottky plots exhibit positive slopes, indicating that
both CN and ZIS behave as n-type semiconductors. Relative to
the normal hydrogen electrode (NHE) at pH 7, the flat band
potentials were found to be —0.83 V for CN and —0.67 V for ZIS.
Given that the CB of an n-type semiconductor is close to its flat
band potential***” the CB positions for CN and ZIS are inferred
to be approximately —0.83 V and —0.67 V, respectively which are
in good accordance with previous literature.*** Furthermore,
the VB band edge positions can be calculated from eqn (2):

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ECB = EVB — Eg (2)

where Ecp is conduction band edge potential in V, Eyy is valence
band edge potential in V, and E, is the bandgap energy for any
semiconducting material. Based on the bandgap values pre-
sented in Fig. 4e and f, the VB energies of CN and ZIS are
demonstrated to be +0.96 V and +1.57 V, respectively.®*** These
energy band configurations fulfil the essential criteria required
for photocatalytic reactions, indicating the suitability of both
CN and ZIS for photocatalytic applications.

3.5. Photocatalytic ciprofloxacin (CIP) degradation

The photocatalytic breakdown of CIP using the as-prepared CN,
ZIS, ZCN-5, ZCN-10 and ZCN-15 catalysts was done under visible
light illumination. To investigate the photocatalytic perfor-
mance a 30-minute adsorption-desorption equilibrium was
established between the catalyst and solution in the dark, fol-
lowed by solar light for 90 minutes. As depicted in Fig. 5a
photocatalytic degradation percent followed the order: ZCN-10
> ZCN-15 > ZCN-5 > ZIS > CN. The degradation rate for the
composite structure increased by incorporation of ZIS upon CN
up to 10% addition and after that, a slight decline in the cata-
Iytic activity was observed which refers to the excess incorpo-
ration of ZIS that practically hinders light absorption and
surface activity on the surface of CN. Thereafter the ZCN
interaction was optimized to 10% due to the well-dispersed ZIS
supported on the CN nano-structure, which allows substrate
binding on the surface of ZIS nanospheres, followed by break-
down at the surface of CN nanosheets.

To examine the impact of pH on photocatalytic activity,
experiments were performed at different pH values of 3, 5, 7 and
9. To determine the optimal pH, the photocatalytic activity was
checked under the same reaction conditions except for adjusting
the pH values for CIP using diluted HCl and NaOH. As illustrated
in Fig. 5b, the results show that the enhanced photodegradation
of the catalyst occurred at a pH value of 7. Since three possible
chemical routes might contribute to drug degradation, it is
challenging to analyze how pH influences the effectiveness of the
photodegradation process. The deterioration process includes
direct reduction through the conduction band, direct oxidation
by positive holes, and attacks by hydroxyl radicals. The contri-
bution of each pathway is affected by the substrate and pH. The
breakdown rate is increased and peaks are observed at neutral pH
due to the intense interaction between the catalyst surface and
the cationic form of CIP, which raises the affinity between the
drug molecule and the catalyst. The ZCN-10 nanocomposite
achieved a maximum photodegradation efficiency of 85.6%,
primarily attributed to its negatively charged surface at pH 7,
which facilitates strong electrostatic interactions with the cationic
and zwitterionic forms of CIP. By improving the drug's adsorption
onto the catalyst surface, this interaction promotes more effective
charge transfer and the production of reactive species for efficient
photodegradation.

After optimizing the earlier parameters, the study of catalytic
doses (0.02, 0.04, 0.06, 0.08, and 0.1 grams) was performed to
further improve the overall photocatalytic performance. Fig. 5¢
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Fig. 5 (a) Effect of various catalysts, (b) effect of solution pH, (c) effect of catalyst dose, (d) effect of solution concentration, (e) absorbance with

time, and (f) kinetics with time, for photocatalytic degradation of CIP.

illustrates the interaction between the catalyst doses vs.
percentage degradation, which demonstrates that the ZCN-10
nanocomposite achieved a maximum degradation of 88.4% at
a dosage of 0.04 grams. The graph indicates that as the catalyst
dosage increases the graph inclines up to 0.04 grams, and after
that point, it marginally lowers. This is because increased
charge carrier generation encourages drug breakdown.
However, after 0.04 grams of catalyst loading, the efficiency
begins to decline. Upon excessive loading of the catalyst, the
reacting solution becomes opaque, which slows down the
photocatalytic activity and lowers the light harvestation prop-
erty (the ability of the reactor to absorb photon flux). Further-
more, collisions between surplus catalyst particles lower the
degradation percentage when the drug molecules are partially
adsorbed onto the catalyst surface.

Fig. 5d illustrates the rate of photocatalytic degradation of
CIP over time in a range of concentrations, from 20 to 100 ppm
solutions. For 90 minutes, the optimized 20 ppm solution was
subjected to an absorption spectral measurement over a wave-
length range of 250-450 nm with a 15-minute time interval. As
seen in Fig. 5e, the absorption peak intensity, initially observed
at 270 nm, progressively decreased over time. For every experi-
ment, the same exposure duration of 90 minutes yielded the
highest degradation efficiency. Additionally, pseudo-1st order
kinetics were used to explain the rate of CIP degradation over
time. The kinetics research illustrates how the CIP concentra-
tion affects photodegradation over 15, 30, 45, 60, 75 and 90
minutes, as seen in Fig. 5f. The well-assembled first-order
kinetics, eqn (3) and (4), is as follows:

5570 | Nanoscale Adv., 2025, 7, 5561-5579

G
Kappt = lna (3)
G 1
Kapp = lna X ; (4)

The connection between Cj, (initial CIP concentration) and C,
(final CIP concentration at time ¢t) is depicted, in Fig. 5f, as Co/C;
as a function of degradation time. The pseudo-1st order kinetics
rate constant is represented by the symbol K,p;,. According to
the first-order law, the K,,, value falls as the concentration
solution increases, as seen in Table 1 below.

3.6. Antibacterial study

The antibacterial activity of ZIS, CN, ZCN-5, and ZCN-10 was
evaluated by measuring the zone of inhibition formed on
Mueller-Hinton agar plates. This method allowed for a visual

Table 1 Kinetics study for CIP photodegradation at different
concentrations

Concentration Regression

of CIP (ppm) Time (min) Kapp (min™) coefficient (R?)
20 90 0.024 0.99

40 90 0.018 0.99

60 90 0.015 0.99

80 90 0.014 0.97

100 90 0.011 0.97

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and quantitative assessment of how effectively each material
suppressed the growth of Gram-positive Bacillus subtilis (B.
subtilis) and Gram-negative Escherichia coli (E. coli) bacteria. As
shown in Fig. 6a and b, the ZCN-10 composite exhibited the
largest inhibition zone in comparison to ZCN-5 for both the
bacteria, indicating superior antibacterial performance against
Gram positive and Gram negative bacteria. In contrast, the
pristine forms of ZIS and CN showed only slight inhibiting
zones for B. subtilis whereas for E. coli only slight or no inhi-
bition zone was observed, suggesting limited effectiveness
when used individually. However, when ZIS was combined with
CN to form the ZCN-10 heterostructure, a gradual and signifi-
cant increase in the inhibition zone was observed. This
enhancement, detailed in Fig. 6¢c, suggests that the formation of
a well-structured heterojunction between the two materials
played a key role in improving antibacterial efficiency. The
improved performance is likely due to enhanced charge carrier
separation and increased generation of reactive species, which
collectively contribute to more effective bacterial inactivation.
Moreover, the composite was found to be more effective against
Gram negative E. coli compared to Gram positive B. subtilis

View Article Online
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which can be attributed to their differences in cell wall struc-
tures.”® Peptidoglycan layers of Gram-negative bacteria are
thinner and their outer membrane is composed of lipopoly-
saccharides, which are more susceptible to disruption by the
ROS generated. In contrast, Gram-positive bacteria have a much
thicker peptidoglycan layer that offers greater resistance to
oxidative stress. As a result, the ROS species are more effective
in penetrating and damaging E. coli, leading to a larger inhi-
bition zone compared to B. subtilis.®®

3.7. Photocatalytic H,O, production

Apart from photocatalytic antibiotic degradation, the adapt-
ability of the catalyst was evaluated using its performance in the
oxygen reduction reaction (as shown in Fig. 7a) and followed
a trend of ZCN-10 > ZCN-5 > CN > ZIS. An additional external
oxygen supply is essential for the oxygen reduction process; it
must be adequately supplied to the solution, as the variation in
H,0, was clearly visible in Fig. 7b making the production more
evident. The H,0, evolution rate was examined after several
sacrificial agents (electron donors) were added to the sample
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time, and (e) kinetics study for photocatalytic H,O, production.

solution at 10% v/v for further investigations. In comparison to
ethanol and methanol, isopropanol was shown to be a superior
electron donor,* as seen in Fig. 7c. All of the catalysts under-
went a similar experiment, and the findings (shown in Fig. 7a)
indicated H,0, production for ZCN-10 to be 3348.2 uM L™, ZIS
to be 693.6 uM L', and CN to be 842.3 uM L. On further
applying a light intensity of 100 mW cm ™ to an irradiated area
of 9 cm?, the calculated apparent quantum efficiency (AQE)
value was found to be 8.3 for ZCN-10, which is 5.18 times greater
than that of ZIS (1.6) and 3.95 times greater than that of CN
(2.1). As depicted in Fig. 7d absorbance peaks for H,O, at 280
and 350 nm (ref. 12 and 66) indicate the concentration of H,0,,
with the highest H,0, generation recorded at 90 minutes for ZC-
10. Potential interactions between the generated H,O, and
other H,0, molecules might lead to self-decomposition.
Therefore, while investigating photocatalysis, a thorough
knowledge of the dynamics involved in H,0, production and
breakdown is essential.®”“* To completely understand the
dynamic process of photocatalytic H,O, formation, it is
imperative to investigate these characteristics. Both zeroth-
order and first-order kinetics are noted according to eqn (5).%
According to the data shown in Fig. 7e, ZCN-10 had the highest
K; (rate of formation) values when compared to any catalysts,
although the Ky (rate of dissociation) values were noticeably low
for all catalysts. These results are consistent with the formation
of a heterojunction, which efficiently increases H,0,
generation.
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K;

[H20,] = X,

[1 — exp(—Kq x 1)] (5)

3.8. Scavenging test and photocatalytic mechanism

It is often asserted that the photocatalytic reaction requires
active species. As shown in Fig. 8a for the ZCN-10 catalyst,
a scavenging experiment was conducted using CIP as the model
pollutant for photodegradation so as to identify the active
reactive oxygen species (ROS) in the photocatalytic mechanism.
Optimal photocatalytic conditions were fixed for the experi-
ment. para-Benzoquinone (PBQ), dimethyl sulfoxide (DMSO),
isopropanol (IPA), and citric acid (CA) were among the scaven-
gers that gathered the superoxide (O, ), electrons (e”), the
hydroxide ("OH), and holes (h') respectively. Throughout the
experiment, the scavenger concentration was kept at 1 mM. The
results demonstrate that adding DMSO (34.3%) and PBQ
(21.8%) significantly alters the degrading efficiency, but not IPA
(48.4%). Nevertheless, the efficiency of ciprofloxacin degrada-
tion is also significantly diminished by the addition of CA
(46.6%). These results imply that the breakdown of cipro-
floxacin is caused by radical species, particularly e”, h', and
‘0,

The presence of superoxide radicals ('O,”) was evaluated
using the nitro blue tetrazolium (NBT) assay, which serves as
a reliable method for quantifying the species. NBT acts as
a probe that undergoes a measurable change in absorbance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Effect of scavengers on photocatalytic degradation of CIP, (b) NBT test for superoxide detection, and (c) TA-PL test for hydroxyl radical

determination.

when reduced by superoxide radicals, allowing for assessment
of photocatalytic activity in different materials.” During the
experiment, dispersions of the 0.02 g ZCN-10 catalyst at
different time intervals were exposed to sunlight in 0.2 mM NBT
in 20 mL of 50 mM phosphate buffer solution, and the changes
in the NBT concentration were monitored over time using UV-
vis spectroscopy. As depicted in Fig. 8b a significant decrease
in the maximum absorbance of NBT at 260 nm was observed
with increasing time from the blank experiment to 60 minutes,
indicating efficient generation of 'O,  radicals. Similarly, the
"OH radical generated during photocatalytic experiments was
determined using the terephthalic acid photoluminescence (TA-
PL) probe method.” In this process, terephthalic acid (TA)
reacts specifically with "OH radicals to form a fluorescent
compound, 2-hydroxyterephthalic acid (TAOH), which emits
characteristic fluorescence at 426 nm when excited at 315 nm.
For the experiment, 0.02 g of the catalyst was dispersed in 20 mL
0.4 mM NaOH solution, and the mixture was irradiated with
sunlight at different time intervals. The resulting fluorescence
intensity of the TAOH solution directly reflected the amount of
"OH radicals produced during photocatalysis. As depicted in

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

Fig. 8c with increasing time from blank to 60 minutes the
fluorescence peak increased to maximum at 260 nm, indicating
its superior ability to generate hydroxyl radicals.

Moreover from the Tauc plots, the bandgaps for ZIS, CN, and
ZCN-10 were found to be 2.24 eV, 1.79 eV, and 1.91 eV respec-
tively. The Mott-Schottky plots demonstrate the CB energies of
Z1S and CN which were determined to be —0.67 V and —0.83 V,
respectively, whereas the VB energies for the individual
components were +1.57 V and +0.96 V. CN with a bandgap of
1.79 eV, demonstrating superior visible light harvestation,
especially in the red and near-infrared regions extending its
optical response up to 670 nm.”> When combined with ZIS with
a bandgap of 2.24 eV and with an absorption edge at around
580 nm (ref. 73) the resulting heterostructures benefit from
complementary light absorption properties. This strategic
integration broadens the system's overall absorption range,
with ZIS capturing higher-energy photons and CN effectively
utilizing lower-energy photons. As a result, the composite
material achieves enhanced light harvesting and improved
charge carrier generation, which contributes to higher photo-
catalytic performance under solar illumination.”>”® Integrating

Nanoscale Adv., 2025, 7, 5561-5579 | 5573
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ZIS nanoflowers with CN nanosheets significantly boosts pho-
tocatalytic efficiency through multiple synergistic effects. The
strong interfacial contact between the two components facili-
tates efficient charge transfer, reminiscent of the hierarchical
architectures seen in ZCN-10 systems. These well-defined
interfaces are crucial for suppressing electron-hole recombi-
nation and enhancing charge carrier mobility.*® An optimal ZIS
loading of around 10% ensures effective heterojunction
formation without causing aggregation, thereby preserving
accessible active sites and further reducing recombination los-
ses.” The distinctive flower-like structure of ZIS contributes to
a higher surface area and exposes numerous reactive edge sites,
promoting better light harvesting and improved charge

5574 | Nanoscale Adv, 2025, 7, 5561-5579

separation.” Moreover, the alignment of energy bands between
the two semiconductors facilitates directional charge flow,
favouring a direct Z-scheme heterojunction as shown in Scheme
2, which effectively extends carrier lifetime and enhances pho-
tocatalytic performances. Furthermore, a comparative analysis
is presented in the accompanying Table 2 to highlight the
advantages of the specific heterojunction configuration
between g-C3Ns and ZnlIn,S,, emphasizing the type most
favourable for synergistic interaction. The mechanism for
a direct Z-scheme can be explained on the basis of charge
transfer, which effectively improves charge separation and
preserves strong redox potentials. Both semiconductors absorb
photons and generate electron-hole pairs in their respective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bands. The photogenerated electrons from the CB of ZIS
migrate and recombine with the holes in the VB band of CN.
This selective recombination pathway ensures that the electrons
with strong reducing power are retained in the CB of CN, while
the oxidizing h" remains in the VB position of ZIS. These active
charge carriers then engage in surface redox reactions where e~
reduce adsorbed O, to form ‘O,  and h* oxidize H,O or OH™
ions to generate “OH radicals. The synergistic action of these
reactive species leads to efficient degradation of pollutants, as
well as H,0, production.”®

Along with photocatalytic applications, nanocomposites can
also be employed for antibacterial disinfection purposes due to
their unique physicochemical properties. ZCN-10 like bioactive
materials can act as antimicrobial agents to combat bacterial
infections. The antibacterial properties of the synthesized
composites were assessed using the agar well diffusion method
against Gram-positive B. subtilis and Gram-negative E. coli. The
ZCN-10 composite demonstrated superior antibacterial activity
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compared to pristine ZIS and CN, as evidenced by a larger
inhibition zone, indicating enhanced effectiveness against the
bacteria. This enhancement is primarily due to the improved
generation of reactive oxygen species (ROS) facilitated by the Z-
scheme heterojunction formed between ZIS and CN. While ZIS
alone has limited antibacterial activity because of its quicker
carrier recombination, coupling it with CN promotes efficient
separation of photoinduced charge carriers. In the Z-scheme
mechanism, the electrons from CN and the holes from ZIS
remain active, both of which have strong redox abilities that
contribute to higher ROS production. When these ROS,
including superoxide and hydroxyl radicals, come in contact
with cellular bodies, can disturb the integrity of the bacterial
membranes and intercellular components, leading to effective
bacterial inhibition. As the ZIS percentage increases, light har-
vesting and charge carrier dynamics are further optimized,
resulting in stronger antibacterial action, with ZCN-10 showing
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the most pronounced effect. The detailed formation of reactive
species by photolysis can be explained using eqn (6)—(13):

ZCN-10 + hv > ¢~ +h* (6)
e +0, = 'Oy (7)
h* + H,O/OH™ — ‘OH (8)
‘O,” + CIP — CO, + H,O 9
‘OH + CIP — CO, + H,O (10)
‘0, +e +2H" - H,0, (11)
'Oy~ + B. subtilis, E. coli (active) —
B. subtilis, E. coli (inactive) (12)
'OH + B. subtilis, E. coli (active) —
B. subtilis, E. coli (inactive) (13)

3.9. Reusability test

Reusability is a key factor in determining the long-term viability
and cost-effectiveness of photocatalysts for environmental and
industrial applications.”” In this context, the ZCN-10 catalyst
was systematically investigated for its performance across
multiple cycles of photocatalytic degradation and hydrogen
peroxide production. During degradation experiments, ZCN-10
consistently maintained high efficiency over four consecutive
cycles (as shown in Fig. 9a), indicating strong catalytic stability.
For H,0, production, the catalyst demonstrated steady activity
over three cycles (as shown in Fig. 9b), followed by a slight
decline in performance. Structural analysis after repeated use
confirmed the catalyst's durability. XRD patterns as depicted in
Fig. 9c showed only a minimal decrease in peak intensity,
reflecting minor changes in crystallinity without any major
phase transitions. Moreover, the FE-SEM image from Fig. 9d
and e indicated negligible changes in morphology, supporting
the structural integrity of the catalyst. These results collectively
highlight ZCN-10 as a reliable and recyclable photocatalyst,
making it a promising candidate for real-world applications in
pollutant degradation and H,0O, generation.

4. Conclusion

In summary, the hydrothermal in situ growth of ZnIn,S, nano-
flowers supported on g-C3;Ns nanosheets successfully produced
a Z-scheme heterojunction photocatalyst with enhanced func-
tional properties. The sample with the composition of 10%
ZnIn,S, with g-C3N5 (ZCN-10) exhibited efficient charge sepa-
ration and suppressed electron-hole recombination, attributed
to strong interfacial contact within the well-organized hierar-
chical structure. This photocatalyst demonstrated remarkable
activity, achieving 88.4% degradation of ciprofloxacin within 90
minutes at neutral pH, following pseudo-first-order kinetics.
This performance highlights its effectiveness in eliminating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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antibiotic contaminants from water. Additionally, ZCN-10
showed excellent hydrogen peroxide generation, producing
3348.2 uM L™ in 90 minutes using isopropanol as a sacrificial
agent, and the reaction mechanism followed a combination of
zeroth-order and first-order kinetics indicating potential in
green chemical synthesis and oxidative pollutant removal. The
catalyst also showed a strong antibacterial effect against B.
subtilis and E. coli evidenced by 17 and 30 mm inhibition zones,
respectively surpassing the activity of the individual compo-
nents, making it suitable for antibacterial disinfection strate-
gies. Mechanistic studies identified superoxide and hydroxyl
radicals as the main reactive species in both photocatalytic and
disinfection applications. Furthermore, reusability experiments
were conducted to check its catalytic lifetime and practical
applications, which confirmed that the catalyst was stable
across multiple cycles, with minimal structural and morpho-
logical changes as observed through XRD and FE-SEM analyses.
Overall, the integration of ZnIn,S, onto g-C;N; offers an excel-
lent approach to tuning their structural, optical, and electrical
properties. This modification fosters a synergistic interaction
within the Z-scheme heterojunction, significantly enhancing
photocatalytic efficiency and establishing ZCN-10 as a highly
promising candidate for a wide range of environmental and
energy applications.
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