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This study reports an approach for enhancing the photocatalytic efficiency of ZnO by co-doping with
cerium (Ce), silver (Ag), and nitrogen (N), supported by multi-walled carbon nanotubes (MWCNTSs). The
Ce/Ag/N-doped ZnO-MWCNT nanocomposites were synthesized via a hydrothermal method, resulting
in a significant reduction in the band gap from 3.19 eV to 2.89 eV. This change enabled higher visible
light absorption, achieving enhanced photocatalytic degradation efficiencies of 92.12% for Congo red
and 87.5% for methylene blue within 80 minutes. Comprehensive characterization using XRD, FTIR, BET,
and PL analyses revealed enhanced surface area, increased oxygen vacancies, and improved charge

Received 21st March 2025, separation dynamics due to the synergistic effects of multi-element doping and MWCNT integration.

Accepted 29th May 2025 The strategic incorporation of Ce, Ag, and N not only reduced the electron—hole recombination rate but
also facilitated the generation of reactive oxygen species (ROS) that are crucial for efficient dye degrada-

tion. These findings indicate the significant potential of the synthesized nanocomposites as advanced
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1. Introduction

Recent advances in photocatalysis have focused on the synth-
esis of zinc oxide (ZnO) nanostructures, which possess the
ability to respond to visible light. These ZnO nanostructures
have been synthesized using various methods, including co-
doping with metals and the development of nanocomposites,
which have garnered significant research attention.'” The
combination of ZnO with metals such as silver (Ag) and other
metal oxides has been extensively studied to enhance its
photocatalytic activity."® This exploration has deepened the
understanding of how doping affects the electronic and struc-
tural properties of ZnO, leading to improved photocatalytic
efficiency. The development of nanocomposites has paved the
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photocatalysts for environmental remediation under visible light irradiation.

way for synthesizing hybrid nanostructures with superior
photocatalytic properties. A promising strategy in the design
of ZnO-based nanocomposites involves incorporating carbon
nanotubes (CNTs), which play a crucial role in enhancing
photocatalytic performance.® CNTs, owing to their exceptional
electrical conductivity, high surface area, and mechanical
strength, serve as efficient charge carriers that reduce elec-
tron-hole recombination. By facilitating charge separation,
CNTs improve the photocatalytic activity of semiconductor
materials like ZnO. Moreover, the large surface area provided
by CNTs offers more active sites for catalytic reactions, further
boosting the degradation of pollutants. The integration of ZnO
with CNTs not only enhances electron transport but also
stabilizes the structure, making CNT-based nanocomposites
highly effective in wastewater treatment.”

ZnO nanostructures can be synthesized in a variety of
morphologies, including nanoparticles (nps), nanowires, and
nanosheets that can be synthesized using hydrothermal tech-
niques, which offer precise control over the physical and
chemical properties. This tunability is crucial for optimizing
the photocatalytic performance of ZnO-based materials, espe-
cially for environmental applications like pollutant degradation
and water purification.® The need for clean and affordable
water remains one of the most critical global challenges.
Although water covers approximately 71% of the Earth’s sur-
face, only about 3% is freshwater, much of which is unevenly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distributed and increasingly contaminated by human activ-
ities.” This exacerbates the issue of water scarcity, highlighting
the urgent need for sustainable solutions. In this context, the
development of ZnO-based nanostructures represents a promis-
ing approach for water purification and environmental reme-
diation, as these materials have shown considerable potential
in breaking down harmful pollutants.’

Recent research has focused on enhancing the photocataly-
tic efficiency of ZnO-based nanocomposites, particularly for
wastewater treatment applications. Advanced doping strategies
involving both metals and non-metals have been employed to
modify the bandgap energy of ZnO, improving its visible light
absorption and reducing electron-hole recombination. Metals
such as Au, Ni, Pt, Mg, Fe, Cr, Ce, and Gd, alongside non-metals
like F, S, B, N, Si, and C, have been used to narrow the bandgap
and promote efficient charge separation, thereby enhancing
photocatalytic activity."'™** Furthermore, the development of
ZnO-doped nanocomposites with mesoporous architectures
has increased the surface area available for catalytic reactions,
further improving photocatalytic performance. These innova-
tions represent significant progress in photocatalytic technolo-
gies aimed at pollutant degradation. The unique properties of
CNTs make them ideal scaffolds for ZnO nanostructures, facil-
itating efficient electron transfer, improving stability, and
increasing surface area for reactions.'® The studies reveal that
ZnO/CNT nanocomposites have shown significant promise in
environmental applications, particularly in enhancing photo-
catalytic properties."® Modifications to the bandgap and crystal
structure of photocatalysts have been shown to improve their
performance significantly.

In this study, we investigated the effects of incorporating
cerium (Ce), nitrogen (N), and silver (Ag) dopants into ZnO-lined
CNTs. The hydrothermal method was employed due to its ability
to control particle morphology and size. The photocatalytic efficacy
of the resulting nanocomposites was evaluated through degrada-
tion of methylene blue and Congo red dyes under visible light,
assessing their potential for environmental applications.

2. Experimental details

2.1. Chemicals used

The following high-purity reagents of analytical grade were used
for the synthesis of Ag/Ce/N-doped ZnO-CNT nanocomposites.
Sodium hydroxide pellets (NaOH), zinc nitrate hexahydrate
(Zn(NO3),-6H,0), tert-butanol (+BuOH), p-benzoquinone (p-BQ),
ammonium oxalate (AO), and potassium persulfate (K,S,0,) were
procured from Merck. Urea (CH4N,O), silver nitrate (AgNOj3),
Congo red dye (C3,H,,N¢Na,06S,), multi-walled carbon nanotubes
(MWCNTs), and cerium nitrate hexahydrate (Ce(NO3);-6H,0) were
procured from Sigma-Aldrich. All chemicals were utilized as
received without further purification.

2.2. Synthesis of Ag/Ce/N-doped ZnO-MWCNT nanocomposites

The synthesis of Ag/Ce/N-doped ZnO-MWCNT nanocomposites
was conducted in a series of designed steps, supported by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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specific chemical reactions to ensure the formation of the
desired nanocomposite. First, zinc nitrate hexahydrate is dis-
solved in water, providing the zinc precursor, which dissociates
as follows:

Zn(NO,),-6H,0 — Zn>' + 2NO;~ + 6H,0

The zinc ions (Zn>") serve as the precursor for ZnO formation
during hydrothermal processing. MWCNTs are dispersed in
this solution via ultrasonication, creating a homogeneous
suspension. Silver nitrate, cerium nitrate hexahydrate, and urea
were dissolved in deionized water.

Silver nitrate dissociates into silver ions;

AgNO; — Ag' + NO;~
Cerium nitrate dissociates into cerium ions;
Ce(NO3);-6H,0 — Ce** + 3NO; ™ + 6H,0

Urea acts as the nitrogen source, and under hydrothermal
conditions, it undergoes hydrolysis, producing ammonia and
carbon dioxide, which contributes to nitrogen doping;

CH,N,O + H,0 — 2NH; + CO,

Sodium hydroxide is dissolved in water to create hydroxide
ions, which serves as a reducing agent. The hydroxide ions
(OH") promote the formation of ZnO from Zn>" ions;

Zn*" + 20H~ — Zn(OH),

Upon heating during the hydrothermal treatment, zinc hydro-
xide (Zn(OH),) dehydrates to form zinc oxide (ZnO);

Zn(OH), + Heat — ZnO + H,O0

During the hydrothermal process at 85 °C, zinc ions (Zn>") from
zinc nitrate react with hydroxide ions (OH ) from sodium
hydroxide to form zinc hydroxide (Zn(OH),), which then dehy-
drates to form ZnO nps. These ZnO nps nucleate and grow on
the MWCNTSs’ surface, creating a composite structure. Simulta-
neously, silver (Ag), cerium (Ce), and nitrogen (N) are doped
into the ZnO lattice, enhancing its photocatalytic properties.
The reactions can be presented as follows:
Formation of Zn(OH),:

Zn** + 20H” — Zn(OH),
Dehydration of Zn(OH), to form ZnO:
Zn(OH), + Heat— ZnO + H,0

The ZnO nps nucleate and grow on the MWCNT surface due to
their high surface area, allowing for enhanced interaction
between the nanomaterial and the MWCNT scaffold;

ZnO(nps) - ZnO@MWCNT

Co-doping of ZnO on MWCNTSs: during the hydrothermal
process, the dopants Ag®, Ce*", and N* are simultaneously
introduced into the ZnO lattice, forming a co-doped structure.
These ions either substitute Zn>" in the lattice or occupy
interstitial sites, while nitrogen (from the hydrolysis of urea)

Mater. Adv., 2025, 6, 4522-4537 | 4523


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00258c

Open Access Article. Published on 30 May 2025. Downloaded on 4/7/2026 12:29:53 AM.

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

(cc)

Materials Advances

View Article Online

Paper

Zinc dispersion Q1

Zinc nitrate is dissolved, releasing
Zn?* ions, which mix with MWCNTs
via ultrasonication to form solution.

Co-doped ZnO-MWCNTs 05
ZnO grows on MWCNTs
at 85 °C with Ag, Ce,
and N doping. L >~

Synthesis of Ag: Ce: N: doped ZnO-MWCNT nanocomposite

Dopants

Silver nitrate (AgNOs), cerium nitrate
hexahydrate (Ce(NOs)s*6H;0), and urea
(CH4N,0) are dissolved in deionized water.

)
7 ¥

02

W/ /
- /
—_— Hydrothermal treatment
! l_' | O During the hydrothermal
i : } process, the dopants Ag®, Ce**,
1 and N*- are simultaneously
introduced into the ZnO lattice,
h/

forming a co-doped structure.

Fig. 1 Schematic representation of the hydrothermal synthesis process for Ce/Ag/N-doped ZnO-MWCNT nanocomposites.

is also incorporated as a dopant. The overall co-doping reaction
on MWCNTSs can be represented as:

ZnO@MWCNT + Ag' + Ce*" + N*~
— Ag/Ce/N-co-doped ZnO@MWCNT

The MWCNTSs backing the composite also enhance the electron
transport pathways, contributing to the overall improvement in
photocatalytic activity. After hydrothermal processing, the co-
doped ZnO nps are well-dispersed on the surface of the
MWCNTs, forming the final Ag/Ce/N-co-doped ZnO-MWCNT
nanocomposite. A schematic of the complete synthesis process
is presented in Fig. 1.

To explore the effect of varying cerium concentrations on the
photocatalytic performance of Ag/Ce/N-doped ZnO-MWCNT
nanocomposites, four distinct samples were synthesized. These
samples were labelled based on their cerium content as tabu-
lated in Table 1. In samples N3-N4, the N and Ag concentra-
tions were kept constant at 2% each, serving to augment trap
levels and enhance charge separation efficiency in the photo-
catalytic process.

2.3 Photocatalytic activity measurement

Photocatalytic degradation experiments were conducted follow-
ing a systematic procedure, as shown in Fig. S1 (ESIt). Initially,
a dye solution of Congo red was prepared by dissolving the dye

Table1l Chemical composition of the synthesized Ce/Ag/N-doped ZnO—-
MWCNT nanocomposites, detailing the variations in Ce doping concen-
tration while maintaining Ag and N levels constant

Sample code = Chemical composition

N1 Pure ZnO

N2 Zno (94%) + Ce (2%) + Ag (2%) + N (2%) + 0.1 g CNT
N3 ZnO (92%) + Ce (4%) + Ag (2%) + N (2%) + 0.1 g CNT
N4 ZnO (90%) + Ce (6%) + Ag (2%) + N (2%) + 0.1 g CNT
4524 | Mater. Adv, 2025, 6, 4522-4537

in 150 mL of distilled water. To this solution, a precise quantity
of 0.05 grams of the synthesized Ce/Ag/N-doped ZnO-MWCNT
photocatalyst was introduced, resulting in what is referred to as
solution 1. This solution was carefully prepared to maintain
controlled dye concentrations, ensuring reproducibility and
accuracy in the experimental outcomes.

Then, solution 1 was followed by sonication to achieve a
homogeneous distribution of the photocatalyst within the
solution. To facilitate the initial adsorption of the dye onto
the photocatalyst surface, the mixture was allowed to stand in
darkness for 90 minutes. This step was critical for maximizing
the adsorption of Congo red onto the photocatalyst, which is
known to enhance the overall photocatalytic efficiency. Once
the adsorption period concluded, the photocatalytic degrada-
tion was initiated by placing the solution on a magnetic stirrer.
The photocatalyst was activated under a phosphor-coated mercury
vapor lamp emitting light in the wavelength range of 400-550 nm,
thereby simulating visible light conditions that promote photo-
catalytic reactions. During the experiment, 15 mL samples were
systematically withdrawn at 15-minute intervals. Each sample was
immediately filtered and centrifuged to eliminate any suspended
solids, ensuring that only the dissolved dye concentration was
measured. The quantitative assessment of dye concentration
reduction was performed using UV-visible spectrophotometry.
The photocatalytic degradation efficiency of organic dyes was
determined using the following equation."”

Ao — A,
0

Degradation efficiency (%) = x 100

1)

where 4, represents the initial concentration of methyl orange,
and A, denotes the concentration of methyl orange at time ¢. This
equation quantifies the percentage of organic dye degradation
during the photocatalytic process. This methodology was followed
for a precise evaluation of the photocatalyst’s performance while
minimizing environmental impact. The experimental design not
only ensures the reliability of the results but also provides insights

© 2025 The Author(s). Published by the Royal Society of Chemistry
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into the kinetics and mechanisms underlying the photocatalytic
degradation process.

3 Results & discussion

3.1 Structural analysis

The X-ray diffraction (XRD) patterns of the Ag/Ce/N-doped ZnO-
MWCNT nanocomposites were recorded over a 20 range of 20°
to 80° (Fig. 2). The characteristic peaks at 31.74°, 34.21°, 36.20°,
47.43° 56.48°, 62.81°, and 67.83° are assigned to the (100),
(002), (101), (102), (110), (103), and (112) planes of the hexago-
nal wurtzite ZnO structure, as per JCPDS card no. 80-0075. The
retention of these peaks confirms the preservation of the
wurtzite phase of ZnO, even after co-doping and the integration
of MWCNTs. In addition to the wurtzite ZnO peaks, secondary
peaks at 27.90°, 38.15°, and 64.40° correspond to the (110),
(111), and (220) planes of Ag,0; (JCPDS cards 30-0443 and 84-
1108), while a peak at 28.41° indicates the presence of cerium
oxide (Ce*") phases (JCPDS card no. 75-0392). The sharp peak at
26.31° is associated with the (002) plane of MWCNTs, signifying
the successful incorporation of the carbon framework into the
composite. The detection of these secondary phases suggests
that while some dopant ions may substitute into the ZnO
lattice, others form distinct phases, contributing to heterojunc-
tion formation within the nanocomposite.

The incorporation of Ce and Ag dopants leads to significant
modifications in the XRD diffraction profiles, reflecting altera-
tions in the crystalline structure of ZnO. The gradual increase
in the intensity of cerium-related peaks from samples N2 to N4
indicates a progressive integration of Ce*" ions into the ZnO
lattice. This integration is accompanied by a noticeable
decrease in the intrinsic ZnO peak intensities, suggesting a
partial substitution of smaller Zn>" ions (ionic radius = 0.74 A)
with larger Ce®" ions (ionic radius = 1.01 A).*®* This ionic
substitution disrupts the lattice symmetry, inducing localized
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Fig. 2 XRD patterns of Ce/Ag/N-doped ZnO-MWCNT nanocomposites
with varying Ce concentrations, confirming phase purity, crystallinity, and
the presence of dopants.
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lattice strain due to the size mismatch. This strain is mani-
fested as a systematic shift of ZnO peaks towards lower 20
angles, indicating lattice expansion and an increase in inter-
planar spacing (d-spacing). The resulting lattice distortion
promotes the formation of intrinsic point defects, particularly
oxygen vacancies (V,), which act as electron donors, enhancing
charge carrier mobility. The broadening of the peaks observed
at higher Ce concentrations (N3 and N4) further suggests
increased microstrain within the lattice, which could result
from the co-existence of multiple dopants with differing ionic
radii. The induced strain and defect density are beneficial for
photocatalytic processes, as they create additional reactive sites
and energy levels within the band structure, facilitating effi-
cient electron excitation under visible light irradiation. These
structural modifications through co-doping thus effectively tune
the lattice parameters, optimizing the material for enhanced
photocatalytic performance.

Using the Debye-Scherrer equation,'® the crystallite size was
found to increase slightly from 21.5 nm (N1) to 23.8 nm (N4).
However, the observed peak broadening in samples N3 and N4
implies a competition between crystallite growth and the
introduction of microstrain. The increasing microstrain can
be measured using Williamson-Hall analysis, which suggests
that higher dopant concentrations induce lattice distortions,
thereby increasing defect densities. These defects are beneficial
for catalytic applications as they enhance surface reactivity.

The incorporation of MWCNT enhances the stability of the
ZnO lattice by providing a robust scaffold. Moreover, the high
aspect ratio of MWCNTs can lead to improved stress distribu-
tion within the nanocomposite, reducing the impact of lattice
strain induced by heavy doping. Furthermore, the presence of
Ag and Ce phases suggests heterostructure formation, which
may further enhance charge separation by creating localized
electric fields at the interfaces. The presence of these hetero-
junctions, coupled with the lattice distortions caused by nitro-
gen doping (likely present as interstitials or substitutions),
results in the generation of oxygen vacancies. These vacancies
are evident from the changes in peak broadening and shifting
patterns and are crucial in enhancing the catalytic activity by
providing additional reactive sites.

The XRD analysis confirms that the co-doping of ZnO with
Ce, Ag, and N, along with the incorporation of MWCNTs,
induces significant structural modifications as tabulated in
Table 2. The lattice expansion, peak shifts, and broadening
provide evidence of strain and defect generation, which are key
factors in enhancing the material’s catalytic efficiency.

3.2 FTIR spectroscopy analysis

Fourier transform infrared (FTIR) spectroscopy was employed
to analyse the functional groups present in the Ag/Ce/N-doped
ZnO-MWCNT nanocomposites, as depicted in Fig. 3. The FTIR
spectra reveal distinct absorption peaks that are indicative of
the successful incorporation of dopants and the presence of
functional groups crucial to the nanocomposites’ structural
and photocatalytic properties. The presence of ZnO is con-
firmed by prominent absorption bands in the range of 450 to

Mater. Adv,, 2025, 6, 4522-4537 | 4525
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Table 2 Crystallite size and lattice parameters of the synthesized nano-
composites based on XRD analysis, showing changes in unit cell dimen-
sions and bandgap energy with dopant concentration

Sample name D (nm) A(A) C(@A) ca Band gap (eV)
N1 21.5 3.268 5.231 1.6006 3.19
N2 21.9 3.255 5.219 1.6033 3.03
N3 23.4 3.244 5.205 1.6045 2.93
N4 23.8 3.250 5.222 1.6067 2.89
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Fig. 3 FTIR spectra of Ce/Ag/N-doped ZnO-MWCNT nanocomposites,
showing characteristic vibrational modes corresponding to ZnO, dopant
incorporation, and functional groups.

650 cm ™, attributed to Zn-O stretching vibrations, which are

essential for the nanocomposite’s structural framework.”® The
observed shift in these peaks with increasing cerium content
suggests lattice distortion and the successful incorporation of
Ce ions, which can enhance defect sites conducive to photo-
catalytic activity. A broad absorption band centred around
3640 cm ' is assigned to the O-H stretching vibration, indicat-
ing the presence of surface hydroxyl groups.>' These hydroxyl
groups are known to act as active sites in photocatalysis,
promoting the generation of reactive oxygen species. The
increased intensity of this peak with higher Ce content (N3
and N4) suggests enhanced surface hydroxylation, potentially
boosting photocatalytic efficiency.

The presence of N-H stretching vibrations is evident in the
range of 3210 to 3540 cm ™, which confirms the incorporation
of nitrogen into the ZnO lattice.*® This incorporation is crucial
as nitrogen doping is known to introduce localized energy
levels within the bandgap, thereby enhancing visible light
absorption. Also, the peak identified between 1510 and
1650 cm ™" corresponds to the presence of nitro groups (-NO,),*
suggesting that nitrogen is effectively integrated into the nanocom-
posite structure, potentially leading to improved charge separation.
The C-H bending vibrations detected at 740 to 838 cm ' and
1374 to 1440 cm ™' are attributed to residual organic groups from
the carbon nanotubes and other organic precursors used during
synthesis. The strong absorption band at 1048 cm ™" is assigned to
C-O stretching, indicative of the functional groups associated with

4526 | Mater. Adv, 2025, 6, 4522-4537
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MWCNTSs and the organic capping agents used in the synthesis.**
This peak also highlights the role of MWCNTs in providing a
robust support matrix, improving the dispersion and stability of
ZnO nps.

The FTIR spectra show variations in peak intensities and
positions as the cerium concentration increases, particularly in
the O-H, N-H, and C-O stretching regions. These changes
suggest that the introduction of Ce, Ag, and N dopants signifi-
cantly alters the surface chemistry of ZnO, enhancing its
hydrophilicity and reactivity. The co-existence of these func-
tional groups, particularly the increased presence of O-H
groups and nitrogen-based functionalities, is likely to enhance
the adsorption of pollutant molecules and the subsequent gen-
eration of ROS, thereby improving photocatalytic performance.

The incorporation of Ce and Ag, coupled with nitrogen
doping, not only influences the crystallographic structure (as
confirmed by XRD analysis) but also enhances the surface
chemistry, as evidenced by FTIR. The increased presence of
functional groups, such as hydroxyl and nitro groups, along
with nitrogen doping, contributes to improved charge carrier
dynamics. These modifications facilitate efficient electron-hole
separation, which is crucial for the photocatalytic degradation
of organic pollutants. The FTIR analysis confirms the success-
ful incorporation of Ag, Ce, and N dopants into the ZnO-
MWCNT nanocomposite matrix. The presence of key functional
groups, such as O-H, N-H, and C-O, indicates that the doping
process not only modifies the structural integrity of ZnO but
also enhances its photocatalytic properties.

3.3 Surface analysis: Brunauer-Emmett-Teller (BET)

The surface properties of the Ag/Ce/N-doped ZnO-MWCNT
nanocomposite (sample N4) were thoroughly investigated using
BET analysis to evaluate its porosity and surface characteristics
(Fig. 4). The analysis revealed significant mesoporous features,
which are critical for optimizing the performance of photoca-
talytic materials. The type IV isotherm observed in Fig. 4(a)
is characteristic of mesoporous materials, exhibiting a pro-
nounced hysteresis loop that confirms the presence of well-
defined mesopores. The BET surface area of the N4 sample was
determined to be 29 m* g™, with a pore volume of 0.54 cc g~
and an average pore diameter of 4.8 nm, as shown in Fig. 4(b).
These mesoporous attributes are essential for enhancing
photocatalytic efficiency, as the increased surface area provides
more active sites for interaction with pollutant molecules. The
interconnected pore network facilitates efficient mass transfer,
thereby accelerating the degradation of organic dyes under
light irradiation.

The multi-point BET analysis (Fig. 4(c)) yielded a slope of
65.47 and an intercept of 2.702 g, resulting in a calculated
physical surface area of 31.867 m” g~ . The high correlation
coefficient (R* = 0.9998) indicates a strong linear fit, validating
the reliability of the measurements. The slight discrepancy
between the surface area values obtained from the single and
multi-point analyses can be attributed to surface roughness and
the presence of heterogeneously distributed pores. Implications of
mesoporosity on photocatalytic performance: the presence of a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Nitrogen adsorption—desorption isotherm demonstrating a mesoporous nature; (b) BJH pore size distribution analysis; and (c) multi-point BET

analysis confirming increased surface area and porosity of the nanocomposites.

mesoporous structure in the N4 sample enhances the adsorption
capacity, enabling efficient uptake of dye molecules and pollu-
tants. The large pore volume and moderate pore size (4.8 nm)
ensure effective diffusion of reactants to the active sites, thereby
optimizing photocatalytic reactions. Additionally, the increased
surface area provided by the integration of MWCNTs within the
nanocomposite matrix promotes improved charge separation,
reducing electron-hole recombination rates and thus enhancing
the overall photocatalytic performance. These analyses highlight
the superior mesoporous properties of the Ag/Ce/N-doped ZnO-
MWCNT nanocomposite, which contribute to its enhanced photo-
catalytic capabilities. The synergy between high surface area,
optimal pore size distribution, and increased pore volume facil-
itates efficient interaction with pollutants, indicating the decent
photocatalytic characteristics of the composite.

3.4 Morphological studies: FESEM analysis

The morphological characteristics of the Ag/Ce/N-doped ZnO-
MWCNT nanocomposite samples (N1 and N4) were analyzed
using FESEM, as shown in Fig. 5. The FESEM images reveal
significant differences in morphology between the undoped
(N1) and heavily doped (N4) samples. The images of the Ce/Ag/
N-doped ZnO-MWCNT nanocomposites indicate a uniform
dispersion of MWCNTs within the matrix, preventing particle
agglomeration and providing an interconnected network for
efficient charge transport. The presence of MWCNTs not only

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FESEM images of (a) and (b) undoped ZnO (N1) and (c) and (d) Ce/
Ag/N-doped ZnO-MWCNT nanocomposites (N4), showing morphologi-
cal transformations, and the formation of nanorod-like structures.

stabilizes the ZnO nanostructures but also enhances electron
mobility, which is critical for reducing charge recombination
and improving photocatalytic activity.
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Fig. 5(a) and (b) show the morphology of the N1 sample,
which consists of densely packed, irregularly shaped nano-
plates and aggregated spherical particles. The observed
agglomeration is typical in nanomaterials due to high surface
energy, leading to reduced surface area and limited access to
reactive sites. In contrast, the FESEM images of the co-doped
sample N4, shown in Fig. 5(c) and (d), display a more intricate
network of interwoven nanorods and nanotubes. The incor-
poration of Ag, Ce, and N into the ZnO-MWCNT matrix
significantly alters the surface morphology, promoting the
formation of elongated nanostructures. This transformation
is attributed to the role of dopants in modulating nucleation
and growth kinetics, resulting in enhanced anisotropic growth.
The intertwined nanorod structures observed in N4 suggest a
high degree of surface roughness and porosity, which are
consistent with the mesoporous characteristics identified in
the BET analysis. This mesoporous network facilitates improved
mass transport and accessibility of active sites, thereby enhancing
the material’s catalytic efficiency.

These results are aligned with previous studies on ZnO-
carbon nanocomposites, which determine that the strong
coupling between ZnO and MWCNTSs promotes effective charge
separation and enhances photocatalytic efficiency.>® The high
electrical conductivity of MWCNTs facilitates rapid electron trans-
port, minimizing electron-hole recombination and thereby
improving the degradation efficiency of organic pollutants.

The compositional analysis of the Ag/Ce/N-doped ZnO-
MWCNT nanocomposites (samples N2 and N4) was conducted
using energy-dispersive X-ray spectroscopy (EDX), as depicted
in Fig. 6. The EDX spectra confirm the successful incorporation
of dopants, revealing the presence of key elements, including C,
N, O, Zn, Ag, and Ce, uniformly distributed within the ZnO-
MWCNT matrix.

The EDX results, supported by quantitative analysis, indi-
cate varying concentrations of dopants between samples N2
and N4. In particular, the elemental weight percentages for
sample N2 reveal 2.0 wt% Ag and 1.99 wt% Ce, whereas sample
N4 exhibits a higher Ce content of 5.97 wt% and a slightly
reduced Ag content of 1.98 wt%. The nitrogen content also
increases marginally from 1.99 wt% in N2 to 1.97 wt% in N4,
suggesting enhanced incorporation with increased Ce doping.
The consistent presence of carbon, albeit in trace amounts, is
attributed to the multi-walled carbon nanotube matrix, which
acts as a structural support and improves the electronic proper-
ties of the composite.

The ability of EDX to map the spatial distribution of ele-
ments across the nanocomposite structure provides a crucial
understanding of the uniformity of dopant incorporation. This
homogeneous distribution of Ag, Ce, and N within the ZnO
lattice ensures that the photocatalytic activity is consistent
throughout the material. The EDX analysis conclusively deter-
mines the successful incorporation and uniform distribution of
Ag, Ce, and N dopants within the ZnO-MWCNT nanocompo-
sites. The ability to control the dopant concentrations and their
distribution within the matrix provides a pathway to optimizing
the material for enhanced photocatalytic activity.
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3.5 Optical properties analysis: UV-visible spectroscopy

The optical properties of the Ag/Ce/N-doped ZnO-MWCNT
nanocomposites were investigated using UV-visible spectro-
scopy to evaluate the impact of dopants on the material’s
electronic structure (Fig. 7). The absorption measurements
were performed over a wavelength range of 350 to 700 nm,
highlighting a gradual redshift with increasing cerium content.
The absorption spectra and Tauc plots reveal significant shifts
in the optical band gap as a function of cerium concentration,
which are crucial for optimizing photocatalytic efficiency. The
optical band gap has been estimated using the following
equation;>®

(2h)""" = A(hv — E,)

where o represents the absorption coefficient, # is Planck’s
constant, n denotes the power factor that depends on the type
of electronic transition, and A is a constant. For allowed direct
transitions, n is typically set to 1/2. The Tauc’s plots (Fig. 7b)
have been plotted for precise determination of the optical band
gap. The undoped ZnO sample (N1) exhibited a band gap of
3.19 eV, consistent with the intrinsic band gap of bulk ZnO. The
absorption spectra of the composites exhibit a redshift in the
absorption edge, indicating a reduction in bandgap energy.
This shift is attributed to doping-induced modifications in the
electronic structure of ZnO, which enhance visible-light absorp-
tion and improve photocatalytic efficiency. The calculated
bandgap values, obtained from Tauc plot analysis (Fig. 7b),
show a progressive reduction from 3.19 eV (undoped ZnO) to
2.89 eV (Ce/Ag/N-doped ZnO), indicating the impact of doping
on electronic transitions.

The observed redshift and bandgap narrowing can be attrib-
uted to the successful incorporation of Ce, Ag, and N dopants
into the ZnO lattice, which induce structural and electronic
modifications. Ce®* ions contribute to the formation of oxygen
vacancies, generating additional defect states that act as donor
levels within the ZnO band structure, facilitating charge carrier
mobility and promoting visible light absorption.”” Ag nano-
particles further influence the optical properties through sur-
face plasmon resonance, extending the absorption range into
the visible spectrum. Additionally, nitrogen doping introduces
shallow acceptor states, further lowering the bandgap and
enabling more efficient utilization of visible light for photo-
catalysis. These changes are further supported by XRD analysis,
which indicates a slight increase in crystallite size with higher
doping levels. The increased particle size may reduce quantum
confinement effects, contributing to the observed bandgap
narrowing. The combination of electronic state modification,
structural defects, and improved charge transport pathways
collectively enhances the photocatalytic efficiency of the nano-
composites.

The incorporation of Ag, Ce, and N also plays a crucial role
in suppressing particle agglomeration and promoting the for-
mation of well-defined nanostructures. Ag nanoparticles serve
as nucleation centers, while Ce*" ions influence the crystal-
lization process, promoting anisotropic growth and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EDX spectra of the (a) N2 and (b) N4 nanocomposites, confirming the incorporation of Ce, Ag, and N dopants within

matrix.

Fig. 7
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plot indicating bandgap reduction with increasing Ce concentration.

formation of nanorods. Nitrogen doping enhances the for-
mation of surface defects, which contribute to improved charge

carrier dynamics, further optimizing the photocatalytic perfor-

mance. The enhanced surface area and porosity of the doped
samples, as confirmed by BET analysis, directly correlate with
their superior photocatalytic capabilities. Thus, these results
suggest that the synergistic interaction between ZnO and
MWCNTs plays a pivotal role in optimizing photocatalytic

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

(a) UV-Vis absorption spectra showing the enhanced light absorption properties of Ce/Ag/N-doped ZnO-MWCNT nanocomposites; (b) Tauc

performance by providing structural stability, enhancing light
absorption, and promoting efficient charge carrier dynamics.

3.6 Charge carrier dynamics: photoluminescence (PL)
spectroscopy

The PL spectra of the synthesised samples were analysed to
evaluate the recombination dynamics of photo-generated
charge carriers, as shown in Fig. 8. The PL emission spectra
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Fig. 8 Photoluminescence spectrum of different nanocomposites,
demonstrating reduced emission intensity in doped samples due to
suppressed electron—hole recombination, which enhances photocatalytic
efficiency.

reveal distinct luminescence peaks in the blue, green, and
orange regions, corresponding to various defect states within
the ZnO lattice. The PL spectrum of the N1 sample shows
strong blue emission peaks at 449.2 nm, 467 nm, and 481.6 nm,
which are attributed to near-band-edge (NBE) transitions and
intrinsic defects, such as Zn interstitials and oxygen vacan-
cies.”® The gradual decrease in the intensity of these peaks with
increased Ce doping (N2 to N4) indicates a reduction in defect-
related recombination pathways. The green luminescence
observed at 532.2 nm is commonly associated with singly
ionized oxygen vacancies, which act as electron acceptors.>
The enhancement of this peak in Ce-doped samples suggests
an increase in oxygen vacancy concentration, thereby improv-
ing the material’s ability to generate reactive oxygen species
during photocatalysis.

The PL spectra reveal a significant reduction in intensity for
the doped samples (N2, N3, N4) compared to the undoped
sample, indicating a decrease in the recombination rate of
electron-hole pairs, which is critical for enhancing photocata-
lytic efficiency. The observed quenching of PL intensity is
particularly pronounced in the sample with the highest cerium
concentration (N4), suggesting that Ce incorporation plays
a crucial role in suppressing recombination by introducing
additional defect levels within the band structure. Ce*" ions
facilitate the creation of localized states within the ZnO band-
gap, which act as trap centers for electrons, promoting charge
carrier separation.”® The presence of Ce®* ions enhances the
formation of oxygen vacancies and defect states, as evidenced
by the green luminescence peak at 532.2 nm. These oxygen
vacancies serve as shallow traps, extending the lifetime of
photo-generated carriers by preventing their immediate recom-
bination. Moreover, the broad orange luminescence band
centered around 686.2 nm in the N4 sample is linked to
deep-level defects introduced by Ag and N co-doping.*® These
deep traps contribute to extending the lifetime of charge
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carriers, thereby increasing the probability of their participa-
tion in photocatalytic reactions. The reduction in PL intensity
across the doped samples indicates enhanced charge separa-
tion efficiency, which is crucial for photocatalytic processes.

The improvement in electron transport due to MWCNT
incorporation is primarily attributed to efficient interfacial
charge transfer between ZnO and MWCNTs. Upon photoexcita-
tion, ZnO generates electron-hole pairs, where the photogen-
erated electrons in the conduction band of ZnO are transferred
to the MWCNTs due to the favorable band alignment
and difference in work function. MWCNTS, possessing high
electrical conductivity, serve as electron acceptors and trans-
port channels, effectively reducing recombination losses and
prolonging charge carrier lifetime. This enhanced charge
separation mechanism is further supported by the observed
reduction in PL intensity in the doped nanocomposites, indi-
cating suppressed electron-hole recombination. Furthermore,
the synergy between ZnO, MWCNTs, and other dopants ele-
ments (Ce, Ag, and N) strengthens the charge transport path-
ways by introducing defect states that facilitate the migration of
charge carriers. This optimized interfacial charge transfer plays
a crucial role in enhancing photocatalytic efficiency by ensuring
more charge carriers participate in redox reactions, ultimately
improving pollutant degradation performance under visible
light irradiation.

These findings confirm that co-doping with Ce, Ag, and N
significantly modifies the electronic structure of ZnO-MWCNT
nanocomposites, reducing recombination rates and enhancing
charge carrier mobility. The combined effect of defect engineer-
ing, extended charge carrier lifetime, and improved charge
transport dynamics reinforces the potential of these materials
for photocatalytic applications in environmental remediation.

3.7.1 Photocatalytic degradation analysis. The photocata-
Iytic degradation performance of the synthesised samples was
assessed under visible light irradiation using MB and CR as
model organic pollutants. The results, as depicted in Fig. 9,
reveal significant improvements in photocatalytic activity with
increasing concentrations of dopants, particularly cerium. After
80 minutes of visible light exposure, the nanocomposites
exhibited marked degradation efficiencies, with N4 indicating
the highest performance. For MB, the undoped N1 showed
limited degradation capability, achieving only 14.2% degrada-
tion after 80 minutes. In contrast, the introduction of dopants
led to a substantial enhancement in photocatalytic activity.
Specifically, the N2 sample achieved a degradation efficiency of
58.5%. Further improvements were observed with increased
cerium content; the N3 sample with 4% Ce demonstrated
76.3% degradation, while the heavily doped N4 sample with 6%
Ce achieved an impressive degradation rate of 87.5%. This
significant increase in efficiency can be attributed to the role of
cerium in enhancing charge carrier separation and facilitating the
generation of ROS, which are crucial for the oxidative breakdown
of dye molecules. The presence of Ce** ions introduces additional
defect states, such as oxygen vacancies, which act as electron
traps, thus reducing the recombination rate of electron-hole pairs
and enhancing the photocatalytic performance.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Photocatalytic degradation efficiency of (a) methylene blue and (b) Congo red under visible light irradiation, showing the enhanced degradation
rates of the Ce/Ag/N-doped ZnO-MWCNT nanocomposites compared to undoped ZnO.

Similarly, for CR, the N1 sample displayed minimal activity,
achieving only 12.4% degradation after 80 minutes. The incor-
poration of dopants led to a noticeable increase in degradation
efficiency, with the N2 sample reaching 65.2% degradation. The
N3 sample exhibited a further improvement with 82.4% degra-
dation, while the N4 sample again showed the best perfor-
mance, achieving a remarkable degradation rate of 92.12%. The
superior photocatalytic performance of N4 is primarily due to
the combined effects of Ce, Ag, and N co-doping. The introduc-
tion of Ce into the ZnO lattice not only enhances the concen-
tration of oxygen vacancies but also modifies the electronic
structure, thereby promoting better charge carrier dynamics.
The Ag nps, on the other hand, contribute to surface plasmon
resonance, extending light absorption into the visible region
and enhancing the generation of photo-excited electrons. Nitro-
gen doping further aids in narrowing the band gap, making the
material more responsive to visible light. The enhanced photo-
catalytic activity observed in the doped samples, particularly
N4, can be attributed to multiple synergistic factors. The struc-
tural characterization, supported by BET and PL analyses, con-
firmed that the co-doping process leads to an increase in surface
area, pore volume, and the formation of defect states, which
collectively contribute to efficient dye degradation. The meso-
porous structure of N4, along with the presence of Ce-induced
oxygen vacancies, provides many active sites for dye adsorption
and ROS generation. Moreover, the improved charge separation
dynamics, facilitated by the presence of Ag nps, significantly
reduce the recombination of electron-hole pairs, thereby prolong-
ing the availability of charge carriers for catalytic reactions.

Considering the above discussion, the photocatalytic degra-
dation studies reveal that the Ce/Ag/N-doped ZnO-MWCNT
nanocomposites exhibit good performance in degrading
organic dyes under visible light irradiation. The enhanced
activity, particularly in sample N4, underscores the importance
of controlled multi-element doping in optimizing the structural
and electronic properties of ZnO nanocomposites.

Furthermore, the long-term stability and recyclability of the
photocatalyst are crucial for practical applications. To assess

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Catalyst reusability test of Ce/Ag/N-doped ZnO-MWCNT nano-
composites indicating the material’s stability and efficiency over multiple
reaction cycles.

the stability of the synthesized photocatalyst, cyclic degradation
tests were performed for MB and CR dyes under the same
conditions as shown in Fig. 10. After each cycle, the photo-
catalyst was recovered, washed with distilled water and ethanol,
dried at 80 °C, and reused for subsequent photocatalytic
reactions. The degradation efficiencies for MB and CR over
four consecutive cycles are as follows: 1st cycle: 87.5% (MB),
92.12% (CR); 2nd cycle: 85.72%, 90.43%; 3rd cycle: 84.3%,
89.25%; 4th cycle: 82.09%, 87.5%. A slight decline in degradation
efficiency was observed with successive cycles, which can be
attributed to several factors:>>** (1) partial blocking of photo-
catalyst pores by residual dye molecules, reducing adsorption
capacity; (2) loss of photocatalyst material during the washing
and recovery process; and (3) partial deactivation of active sites
due to the accumulation of intermediates from incomplete dye
degradation. Despite this minor decrease in activity, the photo-
catalyst retained a high degradation efficiency after four cycles,
indicating good stability and recyclability.
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3.7.2 Kinetic modeling of photocatalytic degradation. The
photocatalytic degradation kinetics of Congo red (CR) and
methylene blue (MB) dyes using Ce/Ag/N-doped ZnO-MWCNT
nanocomposites were analyzed using three kinetic models:
pseudo-zero-order, pseudo-first-order, and pseudo-second-
order models, as illustrated in Fig. 11 and summarized in
Table 3. The study aimed to determine the most suitable kinetic
model for describing the degradation process and to evaluate
the efficiency of the synthesized photocatalysts.>*

The pseudo-zero-order kinetic model was first applied to
evaluate the degradation rates, as shown in Fig. 11(a). For CR,
a degradation rate constant (m,) of 0.0056 pmol L' min~" was
obtained with a correlation coefficient (R*) of 0.80. Meanwhile,
MB exhibited a rate constant of 0.0053 pmol L™" min~" with an
R? value of 0.86. These results indicate that while the pseudo-
zero-order model captures the initial degradation trends, it may

View Article Online

Paper

not fully account for the complexities of the photocatalytic
process involving multiple reactive intermediates and the
formation of ROS. To gain a deeper understanding of the
degradation mechanism, the pseudo-first-order model was
applied, as shown in Fig. 11(b). The results demonstrate a
significantly better fit compared to the zero-order model, with
R? values of 0.98 for CR and 0.97 for MB. The first-order rate
constants (m;) were found to be 0.0046 min~' for CR and
0.0050 min~ ' for MB. The high R* values indicate that the
degradation of both dyes is predominantly governed by first-
order kinetics, suggesting that the rate of dye removal is
directly proportional to the concentration of the dyes. This
behavior aligns with the mechanism of ROS generation, where
the availability of reactive sites on the Ce/Ag/N-doped ZnO-
MWCNT nanocomposite surface plays a critical role in enhan-
cing degradation efficiency.?’
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Fig. 11 Kinetic modeling of photocatalytic degradation: (a) pseudo-zero-order, (b) pseudo-first-order, and (c) pseudo-second-order models, showing

the reaction kinetics and best-fit model for degradation efficiency.

Table 3 Kinetic parameters for the photocatalytic degradation of Congo Red and Methylene Blue dyes, comparing zero-order, first-order, and second-

order models to determine the most suitable reaction mechanism

Zero-order

First-order Second-order

Catalyst dose

S. no. (mgL™h % Removal mo (umol L™ min™?) R’ my (min™?) R® m, (L pmol min™") R

1 CR = 200 92.12 0.0056 0.80 0.0046 0.98 0.06102 0.78
2 MB = 200 87.50 0.0053 0.86 0.0050 0.97 0.05807 0.80
4532 | Mater. Adv., 2025, 6, 4522-4537 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Further analysis using the pseudo-second-order kinetic model
(Fig. 11(c)) yielded rate constants (m,) of 0.06102 L pmol " min ™"
for CR and 0.05807 L umol " min~" for MB, with corresponding
R?* values of 0.78 and 0.80, respectively. While the second-order
model indicates a reasonable fit, the lower R* values compared
to the first-order model suggest that the degradation process is
not purely controlled by second-order reactions. The higher rate
constants for the second-order model suggest strong interactions
between dye molecules and the catalyst surface, likely following
an adsorption-controlled mechanism. Moreover, the enhanced
photocatalytic activity can be attributed to the efficient generation
of hydroxyl radicals (*OH) and other reactive oxygen species,
which facilitate dye degradation. The superior R* values obtained
for the pseudo-first-order model highlight that the photocatalytic
degradation of both CR and MB is most accurately described by
first-order kinetics. This indicates that the reaction rate is influ-
enced by the concentration of the dyes and the availability of ROS
generated on the surface of the nanocomposites. Thus, the kinetic
analysis confirms that the Ce/Ag/N-doped ZnO-MWCNT nano-
composites exhibit outstanding photocatalytic performance,
particularly under first-order kinetics, for the degradation of both
CR and MB dyes.

3.7.3 Photo-catalytic degradation mechanism. To elucidate
the mechanism of photocatalytic degradation, scavenger
experiments were performed to identify the dominant reactive
oxygen species involved in the photocatalytic process as
depicted in Fig. 12. Various scavengers were employed to
selectively quench specific reactive species and determine their
impact on the degradation efficiency. tert-Butanol (¢-BuOH) was
used as a hydroxyl radical (*OH) scavenger, p-benzoquinone
(p-BQ) as a superoxide radical (*O, ) scavenger, ammonium
oxalate (AO) as a hole (h") scavenger, and potassium persulfate
(K,S,05) as an electron (e”) scavenger.’*™° The degradation
efficiency of MB and CR dyes was assessed under different
scavenger conditions, revealing a significant reduction in
photocatalytic activity when p-BQ and -BuOH were introduced.

B Congo Red

| - Methylene Blue

100

Time 80 min

80

60

Degradation efficiency (%)

Scavengers

Fig. 12 Photocatalytic degradation of Ce/Ag/N-doped ZnO-MWCNT
nanocomposites in the presence of various scavengers, illustrating the
role of reactive oxygen species in the photocatalytic degradation process.
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This suggests that superoxide radicals (*O, ) and hydroxyl
radicals (*OH) play a crucial role in the degradation process.
The degradation efficiency decreased marginally in the presence
of AO and K,S,0s, indicating that photogenerated holes (h*) and
electrons (e™) contribute to the reaction but are not the primary
reactive species.

The degradation efficiencies for MB and CR in the absence
of scavengers were 87.5% and 92.12%, respectively. In contrast,
the efficiencies (for MB and CR) dropped significantly upon
scavenger addition as, p-BQ (28.9% (MB), 32.1% (CR)) < t-
BuOH (61.3%, 65.4%) < AO (83.8%, 87.7%) < K,S,04 (84.6%,
88.2%). The substantial decline in photocatalytic activity with
p-BQ confirms that superoxide radicals (*O,”) are the primary
contributors to dye degradation. Similarly, the significant
reduction observed with -BuOH suggests a major role of hydroxyl
radicals (*OH) in the reaction mechanism. These results reveal the
importance of ROS in the photocatalytic process, indicating that
the generation of superoxide and hydroxyl radicals is essential for
effective pollutant degradation.*’

A proposed step-wise photocatalytic degradation mecha-
nism of organic dyes using the Ce/Ag/N-doped ZnO-MWCNT
nanocomposites under visible light irradiation is shown in
Fig. 13. The enhanced photocatalytic performance is caused
by the synergistic process facilitated by multi-element doping
and the incorporation of MWCNTSs, resulting in efficient charge
separation and extended light absorption. Upon exposure to
visible light, the Ce/Ag/N-doped ZnO-MWCNT nanocomposites
efficiently absorb photons, leveraging their reduced band gap
to promote electron excitation. This process generates electron-
hole pairs (e~ and h") as the photogenerated electrons in the
valence band (VB) are excited to the conduction band (CB);

Ce/Ag/N-doped ZnO-MWCNT + hv — e ¢ + h'yg

The doping of Ce/Ag/N elements in ZnO-MWCNT leads to an
increase in the generation of ROS, particularly *OH radicals and
*0," radicals. The narrowing of the bandgap due to Ce, Ag, and
N doping allows more efficient absorption of visible light,
leading to enhanced charge carrier generation. Upon photo-
excitation, the photogenerated electrons in the conduction
band (e ¢p) of ZnO react with O, to produce *O," radicals,
while holes in the valence band (h'yg) interact with water
molecules or OH™ to generate *OH radicals.*’ The presence
of Ce*" ions facilitates the formation of oxygen vacancies, which
act as charge carrier traps, reducing recombination and
prolonging the lifetime of electrons and holes. These reactions
can be presented as;

e cp (Ce/Ag/N-doped ZnO-MWCNT) + O, — O,
and,

h'yg (Ce/Ag/N-doped ZnO-MWCNT) + H,0 — OH® + H'

h'yg (Ce/Ag/N-doped ZnO-MWCNT) + OH~ — OH*

Moreover, Ag nanoparticles contribute to localized surface
plasmon resonance, further enhancing charge carrier separa-
tion and improving ROS generation efficiency. Nitrogen doping

Mater. Adv., 2025, 6, 4522-4537 | 4533
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Fig. 13 Proposed photocatalytic mechanism of dye degradation using Ce/Ag/N-doped ZnO-MWCNT nanocomposites, demonstrating charge transfer
pathways, reactive oxygen species formation, and pollutant degradation under visible light.

introduces shallow acceptor states, which promote better
charge mobility and facilitate redox reactions, increasing the
production of *OH and °O,  radicals. These ROS, specifically
*OH radicals and *O, " radicals, are highly reactive and attack
the complex molecular structures of organic dyes like methy-
lene blue and Congo red. This leads to the breakdown of the
dye molecules into simpler, non-toxic by-products, which are
ultimately mineralized to CO, and H,O0;

0,°” + OH* + Dye — non-toxic products + CO,+ H,O

The enhanced photocatalytic activity of the Ce/Ag/N-doped
ZnO-MWCNT nanocomposites is primarily due to the synergis-
tic effects of multi-element doping combined with the integra-
tion of MWCNTSs.*? First, Ce plays a crucial role by increasing
the formation of oxygen vacancies, which serve as active sites
for the generation of ROS. The redox cycling between Ce** and
Ce*" enhances charge transfer efficiency and extends the life-
time of photogenerated electrons, thereby significantly boost-
ing photocatalytic performance. Secondly, Ag nps act as
electron sinks, effectively trapping photogenerated electrons
and reducing their recombination with holes. The plasmonic
properties of Ag further enhance visible light absorption,
increasing the generation of electron-hole pairs under solar
irradiation. Meanwhile, N doping modifies the electronic struc-
ture of ZnO by introducing intermediate energy levels that
reduce the band gap, thus enabling enhanced light absorption
in the visible region and promoting the excitation of electrons
even under low-energy photons. Moreover, the incorporation of
MWCNTs provides a highly conductive matrix that facilitates
rapid electron transport, minimizing charge recombination.
The high surface area of MWCNTs also improves the adsorp-
tion of dye molecules, further enhancing the photocatalytic
degradation efficiency of the nanocomposites.

Thus, the Ce, Ag, and N doping, along with MWCNT
integration, results in synergy between bandgap narrowing,

4534 | Mater. Adv,, 2025, 6, 4522-4537

defect engineering, and enhanced charge separation, which
effectively optimizes the photocatalytic efficiency of the nano-
composites. These results provide an understanding of how
multi-element doping modulates charge separation and ROS
generation, bridging the gap between material properties and
observed photocatalytic performance. The incorporation of Ce,
Ag, and N strategically enhances visible light absorption and
ROS-driven degradation mechanisms, making the synthesized
ZnO-MWCNT nanocomposites highly efficient for environmen-
tal remediation applications.

3.7.4 Comparison of results with previous work. A compre-
hensive comparison of the photocatalytic degradation effi-
ciency of the synthesized nanocomposites with previously
reported catalysts demonstrates significant advancements, as
summarized in Table 4. The comparative analysis underscores
the superior performance achieved through strategic doping
and the incorporation of multi-walled carbon nanotubes
(MWCNTSs), which collectively enhance the photocatalytic activ-
ity under visible light irradiation.

The highly doped N4 nanocomposites exhibited outstanding
photocatalytic efficiencies, achieving 92.12% degradation of
Congo red and 87.5% degradation of methylene blue within a
notably shorter reaction time of 80 minutes. This is in stark
contrast to other doped ZnO systems reported in the literature,
where degradation times typically exceed 90 minutes to reach
comparable efficiencies. For instance, the N/Ag/ZnO catalyst
supported on MWCNTs achieved 98% degradation of MB,
but required a longer reaction time of 90 minutes under
microwave-assisted hydrothermal conditions, and a Co/N/ZnO
nanocomposite reached 78% degradation of CR after 120
minutes, indicating that the extended time required limits its
practical applications. The Ce/Ag/N-doped ZnO-MWCNT nano-
composites synthesized in this study not only demonstrated
higher degradation rates but also achieved these efficiencies
within a reduced timeframe, showcasing their superior catalytic
activity. The enhanced performance of the synthesized Ce/Ag/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparative analysis of the photocatalytic degradation efficiency of Ce/Ag/N-doped ZnO-MWCNT nanocomposites with previously reported
catalysts, highlighting the enhanced performance of the synthesized materials

Methylene blue &

S. no. Photocatalyst Congo red (%) Time (min) Process Ref.

1 Ag-doped ZnO MB - 95 120 Hydrothermal 43

2 Ce-doped ZnO MB - 90.7 180 Electrochemical 44
CR - 90

3 Ag-ZnO/Ag,0 CR - 80 60 Electrochemical 45

4 N-doped ZnO MB - 83.4 60 Hydrothermal 46

5 ZnO/MWCNT MB - 50 120 Electrospinning 25

6 Co/N/ZnO MB - 71 120 P123 + Hydrothermal 47
CR -78

7 Ag/TiO, CR-61 100 Nano-casting + SBA-15 48

8 In/S/ZnO MB - 80 90 Hydrothermal + P123 49

9 N/Ag/ZnO MB - 69 120 EISA + P123 50
CR - 81

10 S/Ni/Ag/ZnO MB - 67 90 Hydrothermal + F127 51
CR-79

11 N/Ag/ZnO/MWCNT MB - 98 90 Hydrothermal + microwave assisted 52
CR - 80

12 Ce/N/Co/ZnO MB - 79 90 Hydrothermal 53
CR-93

13 Ce/N/Ag/ZnO/MWCNT MB - 87.5 80 Hydrothermal This work
CR - 92.12

N-doped ZnO-MWCNT composites can be attributed to several
synergistic factors as discussed in the last section. This
approach not only enhances the photocatalytic degradation
efficiency but also reduces the time required for complete dye
degradation. The superior efficiency and shorter degradation
time position the synthesized nanocomposites as promising
candidates for environmental remediation applications, parti-
cularly in the treatment of wastewater containing hazardous
organic dyes.

4. Conclusion

In this study, the photocatalytic activity, stability, and reactive
oxygen species ROS generation of a Ce/Ag/N-doped ZnO-
MWCNT photocatalyst were systematically investigated. The
results highlight the critical role of multi-element doping and
MWCNT integration in reducing the band gap and enhancing
charge carrier dynamics. The presence of cerium significantly
increased oxygen vacancies, while Ag nps contributed to improved
visible light absorption through plasmonic resonance, and N
doping further reduced the band gap. BET analysis confirmed a
mesoporous structure that results in excellent degradation effi-
ciencies of 87.5% for MB and 92.12% for CR in 80 minutes under
visible-light irradiation. The synergistic effects of these modifica-
tions resulted in optimized ROS generation, leading to rapid
degradation of organic dyes. Scavenger experiments confirmed
that superoxide radicals (*O, ) and hydroxyl radicals (*OH) play
dominant roles in the degradation of MB and CR dyes, as
indicated by the significant reduction in degradation efficiency
upon their quenching. Furthermore, reusability tests confirmed
that the photocatalyst retained over 82% efficiency for MB and
87% for CR after four consecutive cycles, highlighting its stability
and potential for repeated applications. The minor decline in
performance was primarily attributed to material loss and partial

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

pore blocking by dye intermediates. Thus, the synthesized photo-
catalyst is highly efficient for pollutant degradation.
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