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Introduction

Photocatalytic norfloxacin degradation enabled by
a dual S-scheme nanocellulose-based Ag,WO,/
NiO/MoO; tertiary heterojunctiony

Shabnam Sambyal,? Vinay Chauhan,? Pooja Shandilya @ **9 and Aashish Priye*>°

The escalating presence of antibiotic contaminants, such as norfloxacin (NFX), in water resources poses a
pressing environmental challenge, demanding the development of innovative and sustainable remediation
technologies. Herein, we report the design and fabrication of a novel S-scheme heterojunction
photocatalyst, comprising Ag,WO,, NiO, and MoOs nanoparticles anchored onto a nanocellulose matrix
(NC-ANM), for the efficient photocatalytic degradation of NFX under visible light irradiation. Comprehensive
structural, morphological, and physicochemical characterization techniques, including XRD, XPS, FTIR,
FESEM, and HRTEM, corroborated the successful formation of the heterojunction and its constituent
phases. Optical and electrochemical analyses, utilizing UV-vis DRS, PL, and EIS, revealed enhanced visible
light absorption, efficient charge separation, and prolonged charge carrier lifetimes, key attributes
underpinning  the photocatalytic activity of the NC-ANM heterojunction. Mechanistic
investigations, employing LC-MS and ESR spectroscopy, confirmed the S-scheme charge transfer pathway,
leading to the generation of reactive oxygen species (OH and "O,") that efficiently degrade NFX. The
heterojunction demonstrated remarkable photocatalytic performance, achieving 99.6% NFX degradation
within 30 minutes under optimized conditions. This study not only showcases the potential of NC-ANM as
a highly efficient and sustainable photocatalyst for wastewater treatment but also provides valuable insights
into the design and engineering of advanced S-scheme heterojunctions for environmental remediation
applications.

superior

technologies have been explored, including adsorption,
flocculation, and biodegradation. However, these methods face

In recent years, the presence of antibiotics in water sources has
significantly increased." Norfloxacin (NFX), a widely used
synthetic fluoroquinolone antibiotic for treating human and
animal diseases, is quite prominent among known contributors.
Due to features like aromatic rings and heteroatoms, its
chemical stability contributes to its persistence in the
environment. NFX resists complete degradation, disrupting
bacterial DNA replication and promoting drug-resistant
bacteria. This persistence has raised concerns about reducing
antibiotic residues in natural environments. Various treatment
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challenges such as long treatment durations, high costs,
incomplete degradation, and potential secondary pollution.”
Advanced  oxidation  processes  (AOPs),  particularly
photocatalysis, have gained prominence as a sustainable and
environmentally friendly solution for water purification due to
their demonstrated efficacy in addressing a broad spectrum of
contaminants and their inherent simplicity and mild reaction
conditions.>*  However, individual photocatalysts have
limitations such as restricted redox capability, a narrow light
absorption range, and rapid recombination of photogenerated
carriers, leading to reduced activity.>®

To overcome the limitations of individual photocatalysts,
strategies such as incorporating noble metal co-catalysts,
doping, and constructing heterojunctions have been explored to
enhance charge migration and broaden light absorption.”®
Among these, composite photocatalysts, particularly those
incorporating hierarchical heterojunctions, have demonstrated
significant  potential for enhancing norfloxacin (NFX)
degradation. Hierarchical heterojunctions, such as Z-scheme
and S-scheme configurations, improve photocatalytic efficiency
by facilitating effective charge separation and transfer at the
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interfaces of semiconductors.” Heterojunctions broaden light
absorption by utilizing distinct band gaps from different
semiconductors, allowing the use of a wider range of the solar
spectrum.'® Additionally, they create an optimal environment
for generating reactive superoxide and hydroxyl radicals, which
are essential for effective photodegradation. The S-scheme
heterojunction, a distinct configuration compared to
conventional heterojunctions, further boosts photocatalytic
performance by promoting selective recombination of less
energetic charge carriers at the interface, thereby preserving the
high redox potential of photogenerated electrons and holes.*"*
Zhang et al. reported a composite photocatalyst that enhanced
NFX degradation due to its optimized charge dynamics.'
Similarly, Jin et al. achieved efficient degradation with N-doped
TiO, composites, benefiting from reduced charge
recombination and improved redox potential.'* While these
hierarchical heterojunctions offer advantages, challenges
persist, including material cost, rapid charge recombination,
and declining performance in complex environments like
wastewater.

In this study, we fabricate, characterize, and harness a highly
efficient S-scheme heterojunction, specifically nanocellulose-
based (NC) Ag,WO,/NiO/MoO; (referred to as NC-ANM).
Nanocellulose, with its tuneable surface chemistry and
abundance of hydroxyl groups, serves as an ideal, sustainable
substrate for constructing heterojunctions.’*'* Nanocellulose,
known for its thermal and chemical stability, combines a
porous structure and high surface area with eco-friendliness
and biodegradability. Its exceptional mechanical strength,
transparency, and adsorption capacity make it an ideal flexible
substrate for advanced optoelectronic devices. Till now, various
semiconductors like metal oxides, hydrogels, carbon-based
nanomaterials, nano ferrites, and perovskites have been
explored.”° However, here, we have focused particularly on
metal oxide-based semiconductors such as Ag,WO, with NiO
and MoO; due to their superior photocatalytic properties for
photodegradation application. The bare photocatalyst faced
limitations such as high charge recombination, low redox
ability, and poor light harnessing efficiency.

Ag,WO, has a bandgap of 2.5 eV and possesses unique
electronic properties.* > Due to the more positive valance
band (VB) position, Ag,WO, exhibits strong oxidation
characteristics useful in photodegradation applications. NiO, a
p-type semiconductor having a bandgap of 2.16 eV, displays
exceptional visible light absorption capabilities.>**° The more
negative conduction band (CB) edge potential imparts a strong
reduction ability to NiO, thereby advantageous for the
generation of superoxide radicals. Similarly, MoOj;, an n-type
semiconductor having a bandgap of 2.8 eV, is known for its
good electron transport properties and abundance of oxygen
vacancies.*"** Like Ag,WO,, the VB edges of MoOj; also display
strong oxidation potential beneficial for the generation of
hydroxyl radicals. The utilization of bare photocatalysts suffers
limitations such as a large bandgap, poor light absorption and
photoconversion, high charge carrier recombination, poor
charge migration, and leaching into the water system.
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To overcome these limitations, a novel S-scheme
heterojunction is prepared using Ag,WO,, NiO, and MoO;
photocatalysts which are then incorporated into the
nanocellulose matrix to prevent leaching and improve the
stability of the photocatalysts.*® Here, the nanocellulose acts as
a support to the ANM heterojunction, providing a large surface
area to efficiently adsorb and photodegrade the pollutants, and
acts as an electron sink, thereby preventing the recombination
of charge carriers. So far, various S-scheme-based
heterojunctions have garnered significant attention, due to the
unique band alignment of VB and CB edges that promote
superior charge migration and prevent the recombination of
highly efficient charge carriers. Further, the built-in-electric field
at the interface of the S-scheme heterojunction allows the
recombination of useless charge carriers which is not beneficial
for photodegradation. In the S-scheme, the photocatalysts are
combined in a way to either have active VB edges or CB edges
for photodegradation application. For instance, the recent
advancement in the 0D/2D Ag,WO,/WO; S-scheme-based
heterojunction demonstrated photocatalytic performance for
oxytetracycline and dye degradation due to efficient charge
separation and strong oxidation capability.**** Further, a
bifunctional S-scheme Bi,WO¢/NiO heterojunction
demonstrates efficient ciprofloxacin degradation with enhanced
carrier separation, stability, and reduced ecotoxicity of
intermediates under visible light.*®***>*® The Mo0/g-C;N,
S-scheme heterojunction exhibited enhanced photocatalytic
degradation of RhB under visible irradiation.’”*® Another
S-scheme heterojunction of NiFe LDH/Bi,WO, achieved 75%
degradation of ciprofloxacin in 60 minutes.”® Similarly,
S-scheme ZnIn,S, nanosheets combined with cross-like FeS,
were designed to enhance photothermal-driven H, evolution."
This S-scheme heterojunction minimized the agglomeration,
increased the surface area, and established a robust interface,
thereby enhancing photocatalytic activity. The advancements in
S-scheme-based heterojunctions underscore the transformative
potential of photocatalysts in driving efficient and sustainable
photocatalytic applications. This synergistic combination of
different photocatalysts with unique S-scheme charge transfer
mechanisms is expected to deliver high efficiency in
environmental remediation applications. ESI{ Table S1 (Table
S1t) presents a comprehensive overview of prior studies
showcasing the efficacy of (i) nanocellulose, (ii) Ag,WO,, (iii)
NiO, and (iv) MoOs-based heterojunctions in achieving
photodegradation.

To elucidate the structural, morphological, and chemical
properties of nanocellulose, Ag,WO,, NiO, MoO;, and the NC-
ANM heterojunction, different techniques have been employed
such as Xray diffraction (XRD), field emission scanning
electron microscopy (FESEM), high-resolution transmission
electron microscopy (HRTEM), X-ray photoelectron spectroscopy
(XPS), and Fourier-transform infrared spectroscopy (FTIR). UV-
vis DRS, photoluminescence (PL), electrochemical impedance
spectroscopy (EIS), photocurrent, and Moot Schottky analyses
were also conducted to investigate the bandgap, charge
recombination migration and their separation, and VB and CB

This journal is © The Royal Society of Chemistry 2025
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edge potentials. We then delve into a thorough investigation of
the photocatalytic performance of the NC-ANM heterojunction
under visible light irradiation, focusing on the degradation
kinetics and efficiency of NFX removal. Additionally, we
employed the electron spin resonance (ESR) spectroscopic
technique and scavenging experiments to identify the key
reactive oxidative species involved in NFX degradation. Finally,
we have proposed the most plausible degradation pathway
based on results obtained from liquid chromatography-mass
spectrometry (LC-MS) analysis. The results obtained from XPS,
ESR, and scavenging experiments support the formation of an
S-scheme heterojunction and charge migration at the interface
of the NC-ANM heterojunction.

Results and discussion

Nanocellulose was derived from pine needles through a
multi-step process involving alkaline pretreatment, bleaching,
and acid hydrolysis."’ Pure Ag,WO, nanorods and NiO
nanoparticles were synthesized through the co-precipitation
method.**"** MoO; was fabricated by a hydrothermal process
followed by calcination.** Finally, the NC-ANM S-scheme
heterojunction was formed by combining nanocellulose with
Ag,WO,, NiO, and MoO; using an ultrasonic-assisted wet
impregnation method, resulting in a brown-colored
heterojunction (ESI;1 Scheme S1).

Characterization and crystal structure

The morphology and phase composition of the as-
synthesized nanomaterials were comprehensively investigated
using field emission scanning electron microscopy (FESEM),
high-resolution transmission electron microscopy (HRTEM),
powder X-ray diffraction (PXRD), and X-ray photoelectron
spectroscopy (XPS). FESEM analysis revealed an aggregated
sheet-like structure for nanocellulose (Fig. 1A), consistent
with the scissoring effect of H" ions on cellulose chains
during acid hydrolysis.*>*® Ag,WO, exhibited a distinct
nanorod morphology with dimensions of approximately 200
nm in length and 50 nm in width (Fig. 1B).>* NiO
nanoparticles  displayed a  porous structure  with
agglomeration of small and large particles, attributed to
interparticle forces (Fig. 1C).*” MoO; presented a mixed
morphology of nanorods, block-like sheets, and rice-shaped
particles with sizes ranging from 200-300 nm (Fig. 1D).*
Notably, the NC-ANM heterojunction (Fig. 1E) exhibited
uniform nanoparticle distribution with an average particle
size distribution of 12.37 nm, attributed to the formation of
nanoparticles (Fig. 1F). EDX spectra (Fig. 1G) confirmed the
presence and homogeneous dispersion of C, Ni, O, Mo, Ag,
and W in the NC-ANM heterojunction, corroborating the
successful formation of the heterojunction. Further, HRTEM
analysis confirmed the granular sheet-like, rod-like, and
block-like morphologies of the individual components, with
sizes ranging from 10-50 nm (ESIL;T Fig. S1(a-e)). The selected
area electron diffraction (SAED) pattern of NC-ANM indicates
a polycrystalline nature, consistent with the uniform

This journal is © The Royal Society of Chemistry 2025
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distribution of ANM nanoparticles on the nanocellulose
surface (ESI;T Fig. S1f).

The crystallographic structures of nanocellulose, Ag,WO,,
NiO, MoOs3, and the NC-ANM heterojunction were elucidated
through XRD analysis. Nanocellulose exhibited characteristic
peaks at 26 values of 16.7°, 22.5°, and 33.9°, corresponding to
the (110), (200), and (004) planes, respectively (Fig. 2A).*>>° The
absence of additional peaks confirmed the high purity of the
nanocellulose, with an estimated crystallite size of 23.54 nm
using the Scherrer equation. Ag,WO, displayed a hexagonal
phase with well-defined diffraction peaks matching 00-034-0061
(Fig. 2B), indicating a crystallite size of 30 nm. NiO exhibited a
cubic phase with characteristic peaks corresponding to
JCPDS#96-101-0096 (Fig. 2C),>" and a crystallite size of 8.0 nm.
MoO; showed a hexagonal phase with diffraction peaks
matching JCPDS#21-0569 (Fig. 2D),>> and a crystallite size of 3.0
nm. The XRD pattern of the NC-ANM heterojunction (Fig. 2E)
displayed all the individual components' characteristic peaks,
confirming the heterojunction's successful formation without
any impurity phases. However, additional small peaks were
observed in the XRD analysis of the components, indicating the
presence of minor impurity phases likely arising from slight
deviations in precursor stoichiometry or synthesis conditions.

The surface area and porosity of the nanomaterials and
the NC-ANM heterojunction were investigated using N,
adsorption-desorption isotherms (ESI;¥ Fig. S2). All the
materials displayed type IV isotherms, indicative of
mesoporous structures with pore diameters in the 2-50 nm
range, attributed to interstitial sites within the
heterojunction. As summarized in Table 1, the BET surface
area and pore volume of the NC-ANM heterojunction (490
m? ¢ and 0.75 cm® g™', respectively) were significantly
higher than those of the individual components. Notably, the
average pore radius for the NC-ANM heterojunction, as
obtained from BET analysis, was 8.8 nm. This mesoporous
structure, with a relatively narrow pore size distribution, is
advantageous for photocatalytic applications as it can
facilitate efficient diffusion and adsorption of pollutant
molecules while providing a high density of active sites. The
substantial increase in surface area and porosity of the NC-
ANM heterojunction is attributed to the synergistic effect of
combining nanocellulose with the metal oxide nanoparticles.
The porous structure of the NC-ANM heterojunction,
facilitated by the nanocellulose matrix, is expected to
enhance the adsorption of reactant molecules and provide
abundant active sites for photocatalytic reactions, thereby
improving the overall photocatalytic efficiency of the
heterojunction.

The FTIR spectrum of the NC-ANM heterojunction exhibited
all the characteristic peaks of the individual components,
confirming the successful formation of the heterojunction.
Nanocellulose exhibited the typical O-H stretching, C-H
stretching, and B-glycosidic bond vibrations.*** The Ag,WO,
spectrum displayed prominent W-O stretching modes and
characteristic W-O-W asymmetric stretching vibrations.>® NiO
exhibited the characteristic Ni-O stretching vibration, with peak

Catal. Sci. Technol., 2025, 15, 1865-1881 | 1867
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Fig. 1 Morphological and elemental characterization of the synthesized nanomaterials: FESEM images of (A) nanocellulose, (B) Ag,WOy,, (C) NiO,
(D) MoO3, and (E) NC-ANM heterojunction, showing uniform nanoparticle distribution [scale bars = 1 um]; (F) histogram of particle size distribution
for NC-ANM, showing diameters from 8 nm to 18 nm, with an average diameter of X. = 12.37 nm, revealing nanoparticle formation; and (G)
energy-dispersive X-ray spectroscopy (EDX) spectrum of NC-ANM, showing the intensity of X-rays as a function of energy (keV). Labelled peaks
correspond to characteristic X-ray emissions from elements including C, O, Ni, Mo, Ag, and W. The spectrum confirms the presence and

homogeneous distribution of the constituent elements.

broadening suggesting a crystalline nature. Adsorbed CO, and
OH groups were also observed. MoO; showed the distinctive
terminal Mo—0O double bond vibration, along with Mo-O-Mo
bending and stretching modes. A slight positive shift in the
typical peaks of B-glycosidic bonds and O-H bonds further
indicated the successful hybridization of nanocellulose with the
metal oxides™® (ESI;t Fig. S3).

XPS analysis was conducted to elucidate the chemical
composition and oxidation states of the constituent materials
within the NC-ANM heterojunction (ESL} Fig. S4). The survey
scan confirmed the presence of all expected elements, including
Ni, O, Ag, C, Mo, and W (Fig. 3A). High-resolution C 1s and O

1868 | Catal. Sci. Technol.,, 2025, 15, 1865-1881

1s spectra of nanocellulose (Fig. 3B and C) revealed the
characteristic peaks associated with different carbon and oxygen
functionalities, indicating a heterogeneous distribution of
oxygen species.”””® For Ag,WO,, the Ag 3d spectrum (Fig. 3D)
displayed peaks at 373.98 eV and 367.96 €V, assigned to Ag 3d;),
and Ag 3ds),, respectively, indicating the presence of Ag(1) and
Ag(0) oxidation states.®® These peaks shifted slightly to lower
binding energies in the NC-ANM heterojunction (373.47 eV and
367.48 eV), suggesting electronic interactions between Ag,WO,
and the other components. Similarly, the W 4f spectrum of Ag,-
WO, (Fig. 3E) exhibited peaks at 37.04 eV and 34.92 eV,
corresponding to W 4f;, and W 4fs,, respectively, confirming

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 XRD patterns of (A) nanocellulose, (B) Ag,WOQO,, (C) NiO, and (D) MoOs along with their respective ICDD references, confirming their
crystallographic structures and phase purity; (E) XRD pattern of the NC-ANM heterojunction, showing the characteristic peaks of all individual

components, indicative of successful heterojunction formation.

the +6 oxidation state of W.®° These peaks also shifted slightly
in the NC-ANM heterojunction (36.96 eV and 34.77 eV). The O
1s spectrum of Ag,WO, (Fig. 3H) revealed two distinct peaks
attributed to lattice oxygen and surface-adsorbed oxygen. Two
prominent peaks for the Ni 2p orbital of NiO found at 872.64
and 855.36 eV, representing Ni 2p;, and Ni 2p;/,, respectively,
confirmed the Ni(n) oxidation state (Fig. 3F).*® In the NC-ANM
heterojunction, these peaks were observed at slightly different

Table 1 BET surface area and pore volume analysis of Ag,WO,, NiO,
MoOj3, and NC-ANM heterojunction

BET surface area Pore volume

Nanomaterial (m>g™ (em® g™
Nanocellulose 75 0.18
Ag,WO, 1.02 0.0045
NiO 21.56 0.09
MoO; 15.25 0.085
NC-ANM (heterojunction) 490 0.75

This journal is © The Royal Society of Chemistry 2025

binding energies (872.45 and 855.13 eV). The O 1s spectra of
NiO (Fig. 3H) also showed two peaks due to lattice oxygen and
surface-adsorbed oxygen. Mo 3d peaks of MoO; presented two
peaks at 235.20 and 231.99 eV for Mo 3d;, and Mo 3ds,
respectively, confirming the valence state of Mo®" (Fig. 3G).*!
For NC-ANM, the Mo 3d peaks were observed at slightly
different binding energies (236.03 and 232.93 eV). The O 1s
spectra of MoO; again revealed two peaks for lattice and
surface-adsorbed oxygens. These XPS results confirm the
successful synthesis and composition of the NC-ANM
heterojunction, with all expected chemical states and elements
present.

To further elucidate the charge transfer mechanism within
the NC-ANM heterojunction, XPS results of the constituent
elements were compared between the heterojunction and the
corresponding bare materials. Notably, the binding energies
of Ag 3d, W 4f, and Mo 3d in the NC-ANM heterojunction
exhibited negative shifts compared to their respective bare
materials (Ag,WO, and MoO3), indicating increased electron

Catal. Sci. Technol., 2025, 15, 1865-1881 | 1869
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Fig. 3 XPS analysis of the NC-ANM heterojunction and its components: (A) XPS scan confirming the presence of all expected elements. High-
resolution spectra of (B and C) C 1s and O 1s of nanocellulose, (D and E) Ag 3d, and W 4f of Ag,WOy, (F) Ni 2p of NiO, (G) Mo 3d of MoOs, and (H)
O 1s of Ag,WOQy,, NiO, and MoOs. The observed shifts in binding energies and the presence of surface-adsorbed oxygen confirm the successful
formation of the heterojunction and suggest electronic interactions between the components.

density in these components. Conversely, the binding
energies of Ni 2p in NiO displayed a positive shift, suggesting
decreased electron density after heterojunction formation.
These shifts in binding energies strongly suggest the
establishment of an internal electric field within the NC-
ANM heterojunction, facilitating electron transfer from NiO
to Ag,WO, and MoOj3, consistent with the proposed S-scheme
photocatalytic mechanism (Fig. 7D).®*

1870 | Catal. Sci. Technol., 2025, 15, 1865-1881

Photoelectric performance and possible photocatalytic
mechanism

The optical, electrochemical, and photoelectrochemical
properties of the nanomaterials and NC-ANM heterojunction
were investigated using UV-vis DRS, photoluminescence (PL),
and electrochemical impedance spectroscopy (EIS). The UV-vis
DRS analysis (Fig. 4A) revealed that the NC-ANM heterojunction

This journal is © The Royal Society of Chemistry 2025
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NiO, MoOs, and NC-ANM, showing enhanced visible light absorption for

the heterojunction, (B) Tauc plots for determining the band gap energies of Ag;WO,, NiO, and MoOs, (C) Nyquist plots from electrochemical
impedance spectroscopy, demonstrating the lower charge transfer resistance of the NC-ANM heterojunction compared to the individual
components, (D) photoluminescence spectra, indicating reduced charge carrier recombination in the NC-ANM heterojunction, and (E) transient
photocurrent analysis with switching cycles, where the NC-ANM heterojunction indicates high current.

exhibited a broader visible light absorption range compared to
the individual components, with absorption edges at 350 nm,
392 nm, 383 nm, and 359 nm for nanocellulose, Ag,WO,, NiO,
and MoOg, respectively. The band gap energies of Ag,WO,, NiO,
and MoO; were determined using Tauc plots (Fig. 4B; (ahv)"™ =
A(hv — Eg); h is Planck's constant, v is the frequency, a is the
absorption coefficient, A is the absorbance, and E, is the band
gap; for direct band gaps (Ag;WO,, NiO, MoO;), n = 1/2).67%°
Conduction band (Ecg) and valence band (Eyg) edge potentials
(Evg = X — E. + 0.5Ey; Ecg = Eyg — Eg) were calculated using the
electronegativity (X) of Ag,WO, (5.98 eV), NiO (5.0 eV), and
MoO; (6.37 eV), along with the free electron energy on the
hydrogen scale (E. =~ 4.5 eV) and band gap energies (E,).>">
Calculated CB/VB values: Ag,WO, (0.58/2.98 eV), NiO (1.55/-0.55

This journal is © The Royal Society of Chemistry 2025

eV), and MoOj; (3.15/0.25 eV).°®®® The calculated CB and VB are
0.58 and 2.98 eV for Ag,WO,, 1.55 and -0.55 eV for NiO, and
3.15 and 0.25 eV for MoOs3, respectively.

Electrochemical impedance spectroscopy (EIS) is a powerful
tool for analyzing charge transfer dynamics in photocatalytic
systems.®®”> The Nyquist plot, which depicts the imaginary
impedance (Z") against the real impedance (Z'), provides critical
insights into charge transfer resistance (R at the electrode-
electrolyte interface. A smaller semicircle in the Nyquist plot
indicates a lower R, reflecting more efficient charge separation
and transfer—key factors in enhancing photocatalytic
performance.”’* The EIS analysis (Fig. 4C) demonstrates that
the NC-ANM heterojunction exhibits the smallest arc radius,
corresponding to the lowest R. value among the tested
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materials. The R, values, calculated as the difference between
the low-frequency and high-frequency intercepts of the
semicircles in the Nyquist plot, follow the trend: nanocellulose
(300 Q) > MoOj; (270 Q) > Ag,WO, (225 Q) > NiO (160 Q) >
NC-ANM (90 Q). The significantly lower R, for NC-ANM
indicates superior charge transfer efficiency, a result of the
synergistic effects of the S-scheme heterojunction.

PL spectra (Fig. 4D) further supported this observation, as
the NC-ANM heterojunction displayed reduced emission
intensity compared to the individual components, suggesting
a slower recombination rate of photogenerated charge
carriers. This is attributed to the S-scheme charge transfer
pathway within the heterojunction, which effectively
separates electrons and holes, enhancing the photocatalytic
efficiency.

Typically, a lower PL spectra intensity suggests reduced
electron-hole recombination and a longer charge carrier life
span.”> Compared to nanocellulose, Ag,WO,, NiO, and MoO;
nanocomposites, the NC-ANM heterojunction showed the
weakest PL peak, indicating the most efficient separation of
electrons and holes. The order of photocatalytic activity is NC
<Mo0O; < NiO< Ag,WO,< NC-ANM. NC-ANM demonstrates
enhanced activity due to its superior electron-hole separation
efficiency. The transient photocurrent response is an effective
method to enhance charge carrier separation and extend the
lifetime of charge carriers. As shown in Fig. 4E, the highest
transient photocurrent intensities are observed for
nanocellulose, Ag,WO,, NiO, MoO;, and the NC-ANM
heterojunction. The photocurrent intensity follows the order
of NC <MoO; < Ag,WO,< NiO < NC-ANM. The results
displayed that the NC-ANM heterojunction exhibits excellent
separation of photo-excited charge carriers due to the
formation of an S-scheme heterojunction.

The position of the conduction band minimum (CBM) or
valance band maximum (VBM) of the photocatalyst plays a
significant role in determining its redox potential and influencing
charge separation and migration at the interface.”*”” Mott-
Schottky analysis was used to investigate the flat band potential
(Ew,) of Ag,WO,, NiO, and MoO;. This involves extrapolating the
linear plots to determine the following eqn (1):

E_Efb_%) (1)

Here, C, q, Np, E, En, k, and T represent the space charge
capacitance, electronic charge, donor density, applied potential,
flat band potential, Boltzmann constant, and absolute
temperature (in Kelvin), respectively. The figure presents the Mott
Schottky plots for Ag,WO,, NiO, and MoOs. The positive slopes of
the linear plots confirm that Ag,WO, MoO; and NiO are n-type
and p-type semiconductors, respectively. The flat band potential
values are determined to be 0.179 V(Ag,WO,), 0.31 (NiO), and
-0.2 eV (MoO;) referred to as Ag/AgCl. These values are calculated
using the following eqn (2).

12
C>  E€€ygNp

Enie = Eagiagar + 0.059 X pH + Elg/agci (2)
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In this context, Enyg represents the converted applied
potential relative to the normal hydrogen electrode (NHE),
and Ag/AgCl Efig/AgCI is the standard potential of the Ag/AgCl
electrode at 25 °C (0.197 V). It is accepted that the flat band
potential is 0.1-0.3 V higher than the conduction band (CB)
potential and lower than the valance band potential in p-type
semiconductors. Consequently, the CB potential of Ag,WO,
and MoO; is 0.489 and 0.11 eV and the VB potential for NiO
is 1.62 eV. Moreover, the VB potentials for Ag,WO, and MoO;
are calculated to be 2.8 and 2.94 eV, and the CB potential of
NiO is —0.5 eV respectively based on their bandgaps (ESI;{
Fig. S5a-d). According to the analysis, the band structure of
the NC-ANM heterojunction can be formed (Fig. 7B-D).
Based on the abovementioned results from the Mott-Schottky
curves (Fig. S5d7), the band positions of ANM before contacts
are illustrated. A potential greater than +2.24 V facilitates
hydroxyl radicals, whereas a potential less than -0.33 V
enables the generation of superoxide radicals. Thus,
following the S-scheme heterojunction concept, Ag,WO, and
MoO; act as oxidation photocatalysts, while NiO serves as a
reduction photocatalyst, respectively.

Photodegradation evaluation

The photocatalytic performance of the NC-ANM heterojunction
was assessed through NFX degradation experiments in a
photoreactor containing circulating water. UV-vis spectra
revealed a significant decrease in NFX absorbance over time,
indicating both adsorption and degradation processes (Fig. 5).
The adsorption behavior of the heterojunction in the dark
phase was attributed to its mesoporous nature and large surface
area (490 m’> g') (Table 1). The pHp, of the NC-ANM
heterojunction was determined to be 5.5 (ESL} Fig. S7a),
suggesting favorable adsorption of negatively charged NFX
molecules at pH 6 due to electrostatic attraction.”®

Under visible light irradiation, the NC-ANM heterojunction
exhibited superior photocatalytic efficiency (99.6%) compared
to the bare components (nanocellulose, Ag,WO,, NiO, and
MoO;) achieving nearly complete NFX degradation within 30
minutes (Fig. 5A). This enhanced performance can be attributed
to the synergistic effect of the S-scheme heterojunction,
facilitating efficient charge separation and transfer, as
evidenced by the EIS and PL analyses. The high surface area of
NC-ANM further contributed to its superior activity by
providing abundant active sites for NFX adsorption and
photocatalytic reactions.” To further evaluate the significance
of the ternary heterojunction, binary composites (Ag,WO,/NiO,
Ag,W0,/M00;, and NiO/MoOj;) were synthesized and tested
under identical experimental conditions (Fig. S5at). Among the
binary composites, Ag,WO,/Mo0O; exhibited the highest
photocatalytic efficiency. However, the NC-ANM heterojunction
demonstrated significantly superior performance compared to
all the binary systems, confirming the advantage of the ternary
structure. The degradation efficiency followed the order: MoO;/
NiO < Ag,WO,/NiO < Ag,WO,/M0O; < NC-ANM.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The photocatalytic performance of the NC-ANM heterojunction for NFX degradation under dark and visible light conditions. (A)
Percentage of degradation over time for NC-ANM and its components, showing superior performance of NC-ANM (99.6% degradation within
30 minutes), (B) and (C) kinetic analysis revealing a pseudo-first-order model with NC-ANM having the highest rate constant, (D) effect of pH on
degradation efficiency (optimal pH = 6), (E) influence of photocatalyst dosage (optimal = 15 mg L™, (F) impact of initial NFX concentration on
degradation, with higher concentrations slowing the reaction. The effect of common (G) anions and (H) cations in water, with HCOs~, SO,
and Cu?* exhibiting inhibitory effects, and (I) chemical oxygen demand (COD) analysis demonstrating more than 80% mineralization after 30

minutes.

The kinetics of NFX photodegradation followed a pseudo-
first-order model (Fig. 5B and C),** with NC-ANM exhibiting
the highest rate constant (0.0726 h™ among the tested
materials. The obtained degradation efficiency follows the
order: MoO3/NiO < Ag,WO,/NiO < Ag,WO0,/Mo0O; < NC-
ANM heterojunction (ESLf Fig. Seéa and b). The superior
activity of NC-ANM can be attributed to the generation of
hydroxyl radicals ((OH) at the active valence bands of Ag,WO,
and MoOj3, which play a critical role in the photodegradation
process. The effects of various operational parameters, such
as catalyst dosage and initial NFX concentration, on the
photodegradation efficiency were investigated (Fig. 5E and F).
An optimal catalyst dosage of 15 mg L™ was identified for 50
mg L' NFX concentration at pH 6. The influence of pH on

This journal is © The Royal Society of Chemistry 2025

NFX degradation was also studied (Fig. 5D), revealing
maximum efficiency at pH 6 due to the combined effects of
adsorption and photocatalytic activity.

The influence of common inorganic ions on the
photocatalytic degradation of NFX was evaluated to assess
the feasibility of real wastewater treatment (Fig. 5G and H).
Among the anions tested (NO;~, HCO;™, and $O,>7), HCO;~
and SO,>  exhibited inhibitory effects, attributed to their
scavenging of ‘OH radicals, resulting in the formation of less
reactive carbonate (CO;™) and sulfate (SO,™) radicals: HCO;3 "
+'OH — COs* + H,0; SO, + 'OH + H' — SO, + H,0.

The reduced reactivity of these radicals, particularly SO,™,
likely contributes to the observed decrease in NFX degradation
rate. In contrast, NO; did not show any significant inhibitory
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effect. Among the cations tested (Cu®>’, Mg>*, Ca®', and K'),
Cu*" exhibited the most substantial inhibitory effect on NFX
photodegradation. This is likely due to Cu®" acting as an
electron scavenger, competing with the target pollutant for
photogenerated electrons and potentially occupying active sites
on the catalyst surface (Cu®* + 2¢” — Cu; Cu + 2 h* — Cu*).
Finally, the mineralization efficiency of NC-ANM was
evaluated through chemical oxygen demand (COD) analysis
(Fig. 5I). The heterojunction achieved 83.8% mineralization
within 30 minutes, highlighting its effectiveness in not only
degrading NFX but also mineralizing its byproducts. The
inhibitory effect of Cu®>" was concentration-dependent, with
higher concentrations leading to a more pronounced
decrease in degradation efficiency. These findings highlight
the importance of considering the presence of inorganic ions

View Article Online

Catalysis Science & Technology

photocatalytic ~ treatment processes. Additionally, the
photocatalytic efficiency of NFX degradation using various
photocatalysts is reported and summarized in Table S2.f The
analysis demonstrates that the NC-ANM heterojunction
shows higher photocatalytic efficiency (99.6%) at a
comparatively lesser time (30 min) by employing a lower (15
mg L") photocatalyst dosage to a significantly higher (50 mg
L") NFX concentration.

The involvement of free radicals in the photocatalytic
degradation process was evaluated using ESR spectroscopy with
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a trapping agent for
‘OH and 'O, radicals in water and methanol systems,
respectively.**>  The NC-ANM heterojunction exhibited
negligible ESR signals in the dark, indicating that both "'OH and
‘O, radicals are generated under visible light irradiation

in real wastewater when evaluating the efficacy of  (Fig. 6A and B). The characteristic 1:2:2:1 intensity ESR signal
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Fig. 6 ESR spectra of the NC-ANM heterojunction in the dark and under visible light irradiation, confirming the generation of (A) ‘'OH and (B) ‘O,"
radicals, (C) photocatalytic degradation of NFX in the presence of different scavengers, (D) reusability test of the NC-ANM heterojunction over
seven consecutive cycles, demonstrating its excellent stability, (E) XRD and (F) FESEM analyses (scale bar = 1 um) of the recycled NC-ANM
heterojunction, showing no significant changes in surface morphology and crystal structure, respectively.
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for DMPO-"OH and DMPO-"'0, adducts further confirmed the
generation of these reactive species, highlighting their crucial
role in the efficient photodegradation of NFX. Additionally, the
ESR results support the formation of an S-scheme
heterojunction in NC-ANM, as this charge transfer mechanism
favors the generation of both ‘OH and "O," radicals.

To further elucidate the photocatalytic mechanism,
scavenging experiments were performed using IPA, BQ, and
EDTA-2Na as scavengers for ‘OH, "0,~, and h’, respectively. The
addition of these scavengers significantly reduced the NFX
removal efficiency from 99.6% to 25%, 46%, and 30%,
respectively (Fig. 6C), underscoring the crucial roles of these
reactive species in the photodegradation process.** For Ag,WO,
and MoO; a significant reduction in photodegradation
efficiency was observed in the presence of IPA. This supports
the "OH radical as the major ROS generated at their VB and
therefore both Ag,WO, and MoOj; can be labelled as oxidation
photocatalysts. In contrast, their CB does not have sufficient
potential to generate O, radicals. Therefore, in the presence of
BQ (O, radical scavenger) there is no significant effect on the
photodegradation efficiency of both Ag,WO, and MoO;. On the
other hand, the VB of NiO (reduction photocatalysts) does not
have sufficient oxidation potential to generate ‘'OH radicals.
Meanwhile its CB can effectively generate ‘O, radicals,
therefore, in the presence of BQ significant reduction in
photodegradation efficiency is observed. Importantly, the
generation of both ‘'OH and 'O, radicals is consistent with an
S-scheme charge transfer mechanism, as a type-I
heterojunction would not produce these radicals on the VB of
NiO and the CB of Ag,WO, and MoO; due to their insufficient
redox potentials. Trapping experiments with the individual
components (Ag,WO,, NiO, and MoO;) further supported this
conclusion (ESLi Fig. S7(c and d)). The presence of IPA
significantly decreased the photodegradation efficiency for both
Ag,WO, and NiO, indicating the formation of ‘OH radicals on
their VB. In contrast, the addition of BQ to NiO led to a
substantial reduction in efficiency, confirming the generation of
‘0, radicals on its CB. These findings corroborate the S-scheme
charge transfer mechanism in the NC-ANM heterojunction.

The reusability of the NC-ANM photocatalyst was assessed
over seven consecutive cycles. The photocatalyst maintained
over 85% efficiency after the seventh cycle (Fig. 6D),
demonstrating its excellent stability. FESEM and XRD analyses
of the recycled material revealed no significant changes in
surface morphology or crystal structure (Fig. 6E and F), further
confirming its robust nature.

Possible photodegradation mechanism for NFX and
S-scheme heterojunction

To elucidate the photodegradation mechanism of NFX by the
NC-ANM heterojunction, LC-MS was employed to identify the
intermediate products formed during the reaction. The initial
presence of NFX (m/z 320) was confirmed at 0 min. Subsequent
LC-MS analysis (time = 15 minutes) revealed the formation of
various intermediates with different m/z values, suggesting two

This journal is © The Royal Society of Chemistry 2025
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main degradation pathways (ESL{ Fig. S8). The first pathway
involved the attack of "OH radicals, leading to the hydroxylation
of NFX and the formation of intermediates with m/z 338, 352,
and 349. These intermediates corresponded to mono-, di-, and
tri-hydroxylated products, respectively, with the final product
also exhibiting F substitution by an 'OH group. Further
degradation led to the formation of a compound with m/z 260
through the loss of H,O molecules (Fig. 7A, pathway 1). The
second pathway involved the attack of 'O,  ions, forming
intermediates with m/z 349. The subsequent piperazine ring of
NFX was first broken and then hydroformylated, and further
fragmentation resulted in the formation of compounds with m/
z 294, 278, and 250. The compound C;6H;¢FN;O5 rapidly lost
two —-C=O0 groups to form the C;,H;c,FN;0; compound, which
was hydroformylated into C13H;,FN,0,, then lost another C=0
group, forming C;,H;;FN,0;. The presence of fragments
corresponding to the neutral losses of NH;, H,0, and CO,
suggests the cleavage of various functional groups during the
degradation process (Fig. 7A, pathway 2). These results
collectively demonstrate the effective mineralization of NFX by
the NC-ANM heterojunction through the generation of reactive
oxygen species, primarily ‘'OH radicals, and the subsequent
breakdown of the parent compound into smaller, less toxic
intermediates. The identification of these intermediates
provides valuable insights into the possible degradation
pathways and highlights the potential of the NC-ANM
photocatalyst for the efficient removal of NFX from
contaminated water sources.

The observed shift in binding energies from XPS analysis
and the efficient charge separation evidenced by ESR
spectroscopy support the proposed S-scheme charge transfer
mechanism in the NC-ANM heterojunction.®**> The
difference in work functions between NiO and Ag,WO,/M0O;
leads to the formation of an internal electric field at the
interfaces, resulting in band bending and facilitating the
recombination of less energetic charge carriers. This selective
recombination process preserves highly active electrons in
the CB of NiO and holes in the VB of Ag,WO, and MoO;,
maximizing their redox potential. Consequently, these charge
carriers can efficiently participate in redox reactions, with
electrons reducing O, to ‘O, and holes oxidizing H,0O to ‘OH
radicals. The nanocellulose matrix further enhances the
photocatalytic performance by acting as an electron trap and
providing a large surface area with abundant active sites for
adsorption and reaction.”*®® The proposed mechanism,
supported by trapping experiments, suggests that pollutant
molecules react with photogenerated holes and "OH radicals,
while electrons in the CB of NiO contribute to 'O,
production. These reactive species collectively facilitate the
degradation of NFX into CO, and H,O (Fig. 7B-D).

Conclusion

In conclusion, we have successfully fabricated a nano
cellulose-based Ag,WO,/NiO/MoO; S-scheme heterojunction
(NC-ANM) using an ultrasonic-assisted wet impregnation
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('OH and "O;") and their role in NFX degradation.

approach. This novel photocatalyst exhibited a remarkable
99.6% NFX degradation efficiency within 30 minutes under
optimized conditions, demonstrating significant
improvement over the ANM counterpart. Comprehensive
structural, optical, and electrochemical characterizations,
including FESEM, HRTEM, EDS, BET, XRD, FTIR, UV-VIS
DRS, PL, EIS, and photocurrent analysis, confirmed the
successful formation of the heterojunction and its superior
properties, such as enhanced light absorption, suppressed
charge recombination, and improved charge separation. The
band structure was determined by using UV-vis DRS
spectroscopy and Mott-Schottky study which complemented
each other. XPS and ESR spectroscopy further corroborated
the establishment of the S-scheme heterojunction, enabling
efficient interfacial charge transfer and the generation of
reactive oxygen species ((OH and 'O, ) as the primary active
species for NFX degradation.

1876 | Catal Sci. Technol., 2025, 15, 1865-1881

The exceptional photocatalytic performance of the NC-
ANM heterojunction can be attributed to the synergistic
interplay between its constituent components and the unique
S-scheme charge transfer mechanism. This mechanism,
driven by a stable built-in electric field and distinct band
bending, facilitates the efficient separation and migration of
charge carriers, maximizing their redox potential and
promoting the generation of reactive oxygen species. The
incorporation of nanocellulose further enhances the
photocatalytic activity by providing a large surface area for
adsorption and acting as an electron trap. These findings
collectively demonstrate the potential of the NC-ANM
S-scheme heterojunction as a highly efficient and sustainable
photocatalyst for environmental remediation applications,
particularly for the removal of persistent organic pollutants
like NFX from wastewater. This work opens new avenues for
the development of advanced photocatalytic materials that

This journal is © The Royal Society of Chemistry 2025
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can effectively harness solar energy for environmental
protection and sustainable development.

Materials and methods
Materials

Pine needles (near the forest of Shoolini University, Solan, H.
P. India), nitric acid (HNO3,99%), sulfuric acid (H,S0,4,99%),
urea (Co(NH,),, 98%), sodium tungstate hydrate (Na,WO,.
2H,0, 99%), sodium hydroxide (NaOH, 99%), silver nitrite
(AgNO3, 98%), nickel(n) nitrate hexahydrate (NiNO;-6H,0,
98%), nickel(n) chloride (NiCl,, 98%), sodium chloride
(NaClO,, 99.9%), ammonium molybdate (NH,)¢M0;0,,,
98%), sodium carbonate (Na,COjz;, >99%) and norfloxacin
(C10H1sFN303, >98%), 1,4-benzoquinone (BQ, C¢H,0, =
98%), isopropanol (IPA, 99%), 5,5-dimethyl-1-pyrroline
N-oxide (DMPO, 98%), ethylene diamine tetra-acetic acid
(EDTA, C;oH;6N,0g4 >98%), and methanol (CH;0H, >99.8%)
were procured from Sigma Aldrich. Moreover, double
distilled water was utilized throughout our experiments. All
chemicals are of analytic grade and were employed without
necessitating further refinement.

Apparatus

The morphology of nanocellulose, Ag,WO,, NiO and MoO;
was studied via field emission scanning electron microscopy
[JSM-6100 (JEOL)] and high-resolution transmission electron
microscopy (FP5022/22-Tecnai G2 20 S-TWIN) operating
under 200 kV accelerating voltage. The PerkinElmer Spectrum
One FTIR spectrophotometer functioning in the 4000-400
em ™' range was used to detect functional groups. To
determine the crystallinity of materials, PXRD (Smart Lab
9KW rotating anode X-ray diffractometer) was conducted with
Cu Ko at a scan rate of 0.02° s™* and 2 theta range from 10-
80°. Brunauer-Emmett-Teller (Autosorb iQ3) and Barrett-
Joyner-Halenda (BJH) methods at 77 K were used to
determine the surface area of samples. X-ray photoelectron
spectroscopy (Nexsa base) was used to observe the elemental
oxidation state, chemical composition, and electron
migration of photocatalysts. This analysis was also used to
support the construction of the S-scheme-based
heterojunction. The optical characteristics of photocatalysts
were examined by using a UV-vis NIR spectrophotometer
(Lambda 750 from PerkinElmer). A photoluminescence (Lab
RAM HR evolution) test was conducted to assess the
recombination rate of excitons in different materials. Lastly,
ESR (Bruker A300-9.5/12/S/W) with temperature (100-350 K),
DC-magnetic field (0-13 kg), frequency mode X band (8.75-
9.65 GHz) and UV-vis irradiation (200-2000 nm wavelength)
was used for electron trapping of free radicals in
heterojunctions.

Photoelectrochemical evaluation

An electrochemical and photoelectrochemical investigation
was undertaken using a three-electrode setup, comprising an
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Ag/AgCl reference electrode immersed in 3 M KCl, a Pt mesh
counter electrode, and a customized fluoride-doped SnO,
(FTO) working electrode, with 0.2 M Na,SO, serving as the
electrolyte. Fabrication of the working electrode involved
treating a 1 cm® FTO substrate by immersion in acetone,
followed by cleansing with ethanol and water, and
subsequent plasma washing. Subsequently, 15 mg of the
catalyst was dispersed in a solvent mixture comprising 10 ml
of ethanol and 2 ml of triton, followed by ultrasonication for
1 hour. The resulting suspension was spin-coated onto the
FTO surface to form the working electrode. Electrochemical
impedance spectroscopy was conducted to assess charge
migration under dark conditions. Cyclic volumetry using a
Metrohm auto lab electrochemical workstation was
conducted for Mott Schottky analysis by using 0.1 M sodium
solution as an electrolyte. The photocurrent analysis was
carried out under a 500 W Xe lamp with a three-electrode
system, Ag/AgCl as a reference electrode in 3 M KCl, sample
improved FTO working electrode, and Pt mesh counter
electrode with 0.2 M sodium sulphate as an electrolyte.

Synthesis of materials

In the green synthesis of nanocellulose, firstly cellulose was
prepared by collecting pine needles and washing them
thoroughly, drying, and sieving into fine powder.*' The
suitable amount of husk underwent pretreatment using 5%
NaOH solution for a duration of 3 to 4 hours in the
temperature range of 80 °C while being consistently stirred.
The resultant cellulose residue was filtered and washed
approximately 4 to 5 times with distilled water until the wash
solution became transparent and reached a neutral pH. This
alkaline treatment facilitated enhanced fiber exposure for
acid treatment and subsequent bleaching. The treated
solution was bleached by exposure to a 5% NaClO, solution
for 3 to 4 hours at 80 °C while maintaining an acidic pH.
Complete removal of residual lignin was achieved through
washing with distilled water. The pine needles were
subsequently washed using distilled water until neutral pH
was reached. The cellulose obtained was dried in an oven for
4 hours and stored for subsequent analysis and processing.

The conversion of cellulose to nanocellulose by the acid
hydrolysis approach was achieved by combining 5 g of pine
needle cellulose with 50 ml of 60% wt/vol H,SO, acid. The
mixture was then hydrolyzed at 50 °C for 80 minutes, with a
continuous stirrer set at 1000 rpm. Following this, 100 ml of
cold distilled water was introduced to halt the hydrolysis
process. The resulting slurry was subjected to repeated
washing with distilled water for about 12 minutes each time
via centrifugation. After removing the supernatant from the
sediment, the remaining residue was washed with distilled
water until neutral pH was achieved using a 2% NaOH
solution. Subsequently, the suspension was dispersed by
ultrasonication for 12 minutes and then kept in a refrigerator
at 50 °C for further utilization.
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The synthesis of pure Ag,WO, nanorods was conducted by
the methods outlined in earlier studies using a simple co-
precipitation process at room temperature without using any
chemical reagent.*” Briefly, 0.66 g of sodium tungstate was
dissolved in 50 ml of deionized water and stirred for 1 hour.
Similarly, 0.68 g of silver nitrate was dissolved in 50 ml of
distilled water with continuous magnetic stirring for 1 hour.
The later solution was then slowly added dropwise to the
sodium tungstate solution and continuously mixed for 6
hours. The resulting, brown-colored suspension was
thoroughly washed multiple times using ethanol and water
by centrifugation. Subsequently, the final product was dried
at 50 °C for further analysis and application.

NiO nanoparticles were fabricated by using a co-
precipitation approach from an aqueous solution of Na,CO;
and an aqueous solution of NiCl,.** Solutions of 0.25 M NiCl,
and 0.5 M Na,CO; were prepared in 60 ml and 120 ml of
distilled water, respectively. The Na,CO; solution was added
drop by drop to the NiCl, solution, leading to a pH of 10.
The solution was stirred for 5 hours at 50 °C, resulting in the
formation of light green colored Ni(OH), precipitates. The
obtained precipitates were washed with distilled water up to
neutrality (pH = 7), followed by overnight drying in an oven.
Subsequently, the dried precipitates were subjected to
calcination of 500 °C for 6 h.

In the fabrication of M0O3, 5.0 g of ammonium molybdate
was dissolved in 200 ml (0.5 mM) of urea with the aid of
magnetic stirring for 1 hour.** Subsequently, the prepared
solution was transferred to a Teflon-lined autoclaved and
subjected to reaction for 12 hours at 180 °C. Thus, the
resulting precipitate was gathered through centrifugation,
washed multiple times with distilled water, and dried
overnight at 100 °C. Finally, the product underwent a 3 hour
calcination process at 450 °C.

Nanocomposites of nanocellulose-based metal oxide were
prepared by an ultrasonic-assisted wet impregnation method
by mixing equal molar concentrations of nanocellulose, Ag,-
WOy, NiO and MoO;. The mixture was ultrasonicated for 2 h
at 50 °C. After being maintained at room temperature,
centrifuged and washed with distilled water several times,
the NC-ANM heterojunction crystals turned brown (ESI;t
Scheme S1).

Photocatalytic experiment

The photodegradation effectiveness of the as-synthesized
samples was investigated for the degradation of NFX. An
optimized dosage of 15 mg of photocatalyst was inserted into a
100 ml aqueous solution containing 50 mg L™ of NFX. This
mixture underwent constant stirring for 30 minutes to achieve
adsorption-desorption equilibrium. Following this, a 50 W LED
bulb was activated, and the experiment proceeded under
illumination. The light source was positioned at a distance of
10-13 cm from the solution. At specific time intervals, 3 ml
aliquots were withdrawn, subjected to centrifugation for 15
minutes at 3000 rpm then analyzed through absorbance

1878 | Catal Sci. Technol., 2025, 15, 1865-1881

View Article Online

Catalysis Science & Technology

studies. The concentration of NFX was quantified using UV-vis
spectroscopy at 285 nm. Consequently, the photocatalyst's
photodegradation efficiency was calculated using eqn (3)

-C
£x100  (3)
0

. - C,
Percentage degradation efficiency =

where C, and C, are the initial and final concentrations of NFX
at specific time intervals, respectively.

A free radical trapping test and scavenging experiment were
conducted to assess the involvement of various active free radical
species in the photodegradation of NFX by NC-ANM. Hydroxyl
radicals, superoxide radicals, and holes were captured using IPA,
BQ, and EDTA-2Na (1 mmol L™ each), respectively. By comparing
the NFX photodegradation rates before and after the addition of
trapping agents, we were able to identify the primary active
species of NC-ANM. The recyclability tests were performed under
identical conditions. After the initial experiment, the
photocatalysts were extracted through centrifugation and reused
for subsequent photocatalytic experiments. This process was
repeated five times. To determine the optimal catalyst dosage,
NFX concentration, and pH, a sequence of photodegradation
experiments was conducted.
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