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1. Introduction

Over the past few years, concerns about the impacts of envi-
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Water pollution, oxidative stress and the emergence of multidrug-resistant bacterial strains are significant
global threats that require urgent attention to protect human health. Nanocomposites that combine
multiple metal oxides with carbon-based materials have garnered significant attention due to their
synergistic physicochemical properties and versatile applications in both environmental and biomedical
fields. In this context, the present study was aimed at synthesizing a ternary metal-oxide nanocomposite
consisting of silver oxide, copper oxide, and zinc oxide (ACZ-NC), along with a multi-walled carbon
nanotubes modified ternary metal-oxide nanocomposite (MWCNTs@ACZ-NC). The properties of the
synthesized nanomaterials were characterized using Fourier transform infrared (FT-IR) spectroscopy,
field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), and energy dispersive X-
ray (EDX) spectroscopy. The results obtained suggested the successful synthesis of both samples, as
evidenced by the morphological changes observed in the SEM images, a transmittance band at
748.02 cm ™t in the FT-IR spectrum, and a diffraction peak at 44.39° in the XRD pattern. The band gap
energies were determined via diffuse reflectance spectroscopy (DRS), with a redshift observed in the
absorbance edge upon the incorporation of MWCNTs. The synthesized samples were tested as
photocatalysts for the degradation of rhodamine 6G (Rh-6G), with the highest degradation efficiency
(99.61%) achieved by MWCNTs@ACZ-NC. Additionally, the materials were evaluated for their biological
activity as antibacterial and antioxidant agents. The MWCNTs@ACZ-NC exhibited the highest antioxidant
potential with an 1Csq value of 59.22 ng mL™. However, the incorporation of MWCNTs resulted in
a decrease in antibacterial activity, which may be attributed to the blocking of binding sites.

unregulated human activities. A large number of people world-
wide lack access to safe drinking water due to pollutants, such as
heavy metals, dyes, and chemicals contaminating water bodies.'”

ronmental pollution on public health have intensified, partic-
ularly regarding water pollution caused by industrialization and
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Organic dyes, such as Rh-6G, which are used in various appli-
cations, significantly contribute to water pollution and pose risks
to human health, including allergic reactions. While numerous
methods, such as biological, chemical, and physical processes,
exist to remove organic dyes from wastewater, these approaches
can be costly and inefficient, often generating substantial sludge.
The photocatalytic process, first introduced in 1911, offers a more
effective, cost-efficient, and environmentally friendly alternative
for treating water pollution.

Antioxidants are compounds that inhibit oxidation reactions
by scavenging free radicals and converting them into stable,
non-reactive molecules.® The imbalance between the excessive
formation of oxidants and the ability of antioxidant defense
mechanisms to scavenge them results in a pathophysiological
condition known as oxidative stress. In this condition, the levels
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of reactive nitrogen species (such as peroxynitrite) as well as
reactive oxygen species (including hydroxyl radicals, atomic
oxygen, and superoxide anions) increase.* When RNS and ROS
are produced in excess, they can damage DNA, proteins, and
cellular and subcellular membranes by interacting with them,
impairing their normal functions. This can lead to various
diseases, such as aging,® neurodegenerative disorders,® cardio-
vascular diseases, diabetes, asthma, pulmonary conditions” and
cancer.®! To counteract the effects of oxidative stress, both
synthetic and natural antioxidants are used. Besides natural
antioxidants, there is a precise need to develop effective
synthetic antioxidants that not only overcome the adverse
activity of oxidants but also help in retaining the normal func-
tions of the damaged cells. Among nanomaterials, metal-oxide
nanoparticles (MO-NPs) are very reactive particles because of
the unpaired valence shell electrons present on their surfaces.’
Therefore, clinical applications of these NPs have more advan-
tages over the conventional therapy treatments, which have
numerous side effects and problems of reduced efficiency at
target sites. MO-NPs have been investigated for many biological
applications such as antimicrobial, antioxidant, drug delivery,
bioimaging and biosensing.*

Copper oxide (CuO) is one of the important transition metal
oxides having a small energy gap (nearly 2.0 eV). It exhibits good
electrochemical, mechanical, and biological applications at the
nanoscale." Many researchers worked on the synthesis of CuO
NPs and studied their antioxidant, antibacterial and photo-
catalytic activities.”>** Silver oxide (Ag,0) NPs have gained
interest due to their versatility in the field of medical science,
like in drug delivery, as oxidation inhibitors, antimicrobial
agents, carcinostatic substances, and inflammation reducers.*
Studies of Ag,O-NPs have shown that they exhibit great poten-
tial against the oxidants and other inflammatory substances;
therefore, they have been investigated as antioxidant and anti-
bacterial agents by many researchers.'**® Zinc oxide (ZnO)
nanocrystals have gained particular interest due to their 3.37 eV
band gap and their ability to act as n-type semiconductors.' Zn
is an essential element in the body; although it is required in
minute quantities, it plays an important role in enzymatic
activities during the synthesis of nucleic acid and proteins. ZnO
is a non-toxic and environmentally friendly material that
actively participates in combating cancerous and inflammatory
cells.” Photocatalytic, antibacterial and antioxidant potentials
of ZnO-NPs have been explored by many researchers in the
recent past.”*>* Carbon nanotubes (CNTs) are a major class of
nanostructured organic compounds. They are one-dimensional
materials having a high aspect ratio.”* CNTs fall into two cate-
gories: single-walled CNTs as well as multi-walled CNTs. CNTs
have drawn attraction in last decade in the fields of biology and
pharmaceutics; hence, the modified CNTs have now diverse
applications in nucleic acid sequencers, biocatalysts and bio-
logical processes.”® This research explores the potential of
functionalized CNTs to either function as standalone materials
with desirable properties or to enhance the properties of
materials when integrated into composite structures.***¢>*
Chemical interactions between CNTs and free radicals (partic-
ularly hydroxyl radicals) have been extensively studied; however,
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the exact underlying mechanism remains unexplored. There are
two proposed mechanisms for the reaction between CNTs and
free radicals. One mechanism is the formation of a radical
adduct, while another process involves electron transfer during
the reaction.” Di and trimetallic nanocomposites of ZnO, CuO
and Ag,O were studied for different potent applications, which
showed better ability than the conventional materials.**-*

Different groups of researchers have worked on the nano-
composites of MWCNTs with metals (mono or di or trimetallic)
for the biological applications.**” Nazal et al. (2018) prepared
a composite of copper, molybdenum, and nickel trioxides
supported by MWCNTs for electrolytic applications in methanol
oxidation reactions.*® Noushin et al. (2021) synthesized Ag-
CuO-ZnO@MWCNT nanocomposites by a green synthesis
method. These nanocomposites were employed as heteroge-
neous catalysts for the preparation of substituted dihy-
dropyrroloazepines.*® Roodbari et al (2023) reported the
hydrothermal synthesis of a trioxide-based composite
comprising cobalt, copper, and manganese, with rGO-MWCNTSs
serving as supporting materials. The composite was developed
for methanol fuel cell applications.* Bekmezci et al. (2024)
developed Pt-based bi- and trimetallic nanoparticles modified
with MWCNTSs using an arc discharge process. These materials
were applied in the sensing of uric acid.**

After a critical review of literature, it has been found that the
data on MWCNT-modified trimetal oxide nanocomposites are
very limited, and most of the nanocomposites are used as sensors
and catalysts for organic modifications. None of the previously
reported nanocomposites were used as photocatalysts, antibac-
terial agents and antioxidant agents. The novelty of this research
lies in reporting MWCNT-Modified Ag,0/CuO/ZnO Nano-
composites for the first time using a sol-gel method, and the
multifunctional nature of the nanocomposite as a photocatalyst,
antibacterial agent and antioxidant agent is yet to be investigated.

Focusing on the high efficacy of nano hybrid materials and the
wide gap in the literature, this research work was designed to
synthesize ACZ-NC and MWCNTs@ACZ-NC by the sol-gel method.
To study the physiochemical characteristics, EDX (mapping), SEM,
FTIR spectroscopy, XRD, and DRS approaches were employed.
Under solar light, in order to degrade Rh-6G, the fabricated
samples were employed as photocatalysts and the effects of initial
concentration, pH, catalyst concentration, and multiple uses of the
catalyst were studied. Moreover, the antioxidant potential of both
samples was evaluated against ABTS free radicals and the
percentage activity was compared to that of ascorbic acid.

2. Materials and methods
2.1 Reagents

In this study, all the chemicals used were of analytical grade.
Copper(n) nitrate pentahydrate (Cu(NOs),-5H,0), zinc(u) nitrate
hexahydrate (Zn(NOjs),-5H,0), silver(n) nitrate (AgNO;), rhoda-
mine 6G (CpgH31N,05Cl), sodium hydroxide (NaOH), and 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (C;3H;5N406S4)
commonly known as ABTS, and methanol (CH;OH) were bought
from Sigma-Aldrich and used without further modification. The
MWCNTs were bought from Sigma-Aldrich and functionalized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with carboxylic groups. The working solution was prepared using
deionized water (DIW). Glassware was washed thoroughly with
DIW and then rinsed with acetone. Afterward, the dehydration of
glassware, used for the synthesis of NCs, was made in an oven at
100 °C.

2.2 Synthesis of ACZ-NCs

In 10 mL of DIW, 4.55 g of Zn(NOs),-5H,0, 3.15 g of AgNO;, and
3.66 g of Zn(NOj3), - 5H,0 were individually mixed under constant
stirring for 30 min. Aqueous solutions of Zn, Cu, and Ag were
blended with energetic stirring in a beaker and thermally treated
at 60 °C for 30 min. Then, a 1 M NaOH solution was introduced to
adjust the pH to 10 for 3 h, and the prepared material was
constantly heated as well as stirred at 60 °C. Following a 24 h
cooling period at room temperature, the mixture was clarified and
given three DIW washes. After drying at 100 °C for 8 h in an
electric oven, the final solid was calcined in a muffle furnace at
350 °C for 4 h.

2.3 Synthesis of MWCNTs@ACZ-NC

For the synthesis of MWCNTS@ACZ-NC, 4.55 g of Zn(NOs),-
-5H,0, 3.15 g of AgNO3, and 3.66 g of Zn(NO3), - 5H,0 were each
dissolved separately with constant stirring for 30 min in 20 mL
of DIW. The mixture that resulted by vigorously mixing these
solutions in a beaker and heating at 60 °C for 30 min was
marked as S1. After ultrasonic distribution in 40 mL, 0.154 g of -
COOH-functionalized MWCNTSs was introduced to S1. Then,
0.5 M NaOH solution was added dropwise to lower the pH down
to 10. After heating to 80 °C and stirring for 5 h, the reaction
mixture was allowed to age at ambient temperature for 24 h.
After filtering and four rounds of rinsing with hot distilled
water, the mixture was dried at 100 °C in an oven. After that, the
obtained solid product was tightly sealed in a sample vial after
calcination for 4 h in a muffle furnace at 350 °C.

2.4 Instrumentation

To characterize thoroughly, ACZ-NC and MWCNTs@ACZ-NC were
subjected to a series of physicochemical investigations. The
Debye-Scherrer equation was used to quantify the crystallite size,
while XRD using a Philips X'Pert diffractometer was performed to
characterize the crystalline structure. A JEOL JSM-5600LV from
Tokyo (Japan) was deployed to investigate the surface morphology
as well as microstructure. EDX spectroscopy was performed using
an INCA-200 system from the UK to analyze the elemental
composition. By using a Nicolet 560 FT-IR spectrometer, the surface
functional groups between 4000 and 400 cm ™" were assessed. The
DRS spectra were recorded using a DRS model lambda 950, and
Tauc plot was used to determine the band gap energy.

2.5 Photocatalytic assay

The photocatalytic activity of all the synthesized samples, con-
sisting of ACZ-NC, MWCNTs@ACZ-NC, and the sample without
a catalyst, was assessed in the decomposition of Rh-6G dye.
First, distilled water was used to prepare Rh-6G's standard
solution, at a concentration of 15 ppm. Then, 20 mg of
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formulated samples were added to a reaction vessel containing
100 mL of this solution. For 30 min, the mixture was blended in
darkness in order to achieve sorption equilibrium. A double-
beam UV-vis spectrophotometer was used to systematically
assess the sample after it had been exposed to simulated solar
radiation for a predefined amount of time. The variations in the
absorbance maxima were monitored over time.

2.6 Antibacterial assay

The antibacterial efficacy of ACZ-CS and MWCNT®@ACZ-CS was
evaluated against S. aureus and E. coli using the agar well
diffusion protocol. Bacterial cultures were inoculated onto
nutrient agar plates, and wells were bored to accommodate the
test substances. The synthesized samples, i.e. ACZ-NC and
MWCNTs@ACZ-NC, were dispersed in distilled water (1 mg in
10 mL) and poured into the wells, and the plates were incubated
at 37 °C for 24 h. The diameter of the clear zone of inhibition
surrounding each well was measured to determine the extent of
bacterial growth inhibition. Larger zones of inhibition indicate
greater antibacterial activity. Control wells containing sterile
distilled water were included for comparison. The results were
analyzed to compare the antibacterial efficacy of ACZ-NC and
CNTs@ACZ-NC against the control groups.

2.7 Antioxidant assay

To assess the antioxidant activity, the ABTS radical cation was
initially produced through mixing 5 mM potassium per sulfate
with 14 mM ABTS in a 12: 8 (w/w) and 1:1 (v/v) proportion in
the absence of light for 16 h. The solution's absorbance was
then assessed at a wavelength of 734 nm. By ultrasonically
dispersing 5, 25, 50, 75, 100, 200 and 400 pg of the synthesized
nanostructures in 1 mL solution for 30 min at normal temper-
ature, stock suspensions of nanostructures were created. Then,
a mixture containing 0.15 mL of ABTS™" solution as well as
0.2 mL of produced nanostructure suspension was subjected to
UV analysis after aging for 30 min. At 734 nm, the absorbance of
this mixture was measured. For computing percent ABTS free
radical inhibition activity, eqn (1) was used where 4; stands for
sample's absorbance, while A, refers to control's absorbance.
The average of duplicate results is reported herein, and for the
statistical analysis, Microsoft excel 2013 version was used where
a t-test was applied:

% RSA = KAALA)] % 100 (1)

o

3. Results and discussion
3.1 XRD analysis

Fig. 1 displays the XRD patterns of ACZ-NC as well as MWCNT-
ACZ, which exhibit Bragg's reflections corresponding to Ag,O,
CuO, ZnO, and CNTs. The diffraction peak at 44.39 resulted from
the diffraction of X-rays from the (111) k! plane of the carbon,
confirming the existence of CNTs in the sample, corresponding to
JCPDS card no. 01-080-0017. The diffraction peaks for Ag,0O were
observed at 17.31, 27.93, 33.59 and 38.24, resulting from the

RSC Adv, 2025, 15, 1323-1334 | 1325
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Fig. 1 XRD patterns of ACZ-NC and MWCNTs@ACZ-NC.

efficient overlap of X-rays diffracted from the (001), (110), (100)
and (011) kkl planes, respectively. This confirmed the hexagonal
geometry of Ag,0, which had a lattice number of 164 and
a symmetry group of P3m. The lengths of two coordinates, ie.,
a and b were equal, each measuring 3.0720 A, while ¢ measured
4.9410 A. Interfacial angles (« as well as §) were 90° and y was
120°. These data matched well with that reported on JCPDS card
no. 01-072-2108. It was found that Ag,O had a particle size of
14.25 nm with crystal deformation of 0.074 percent. Diffraction
peaks along the Akl values, i.e. 29.43(020), 32.35(200), 46.25(-112),
60.83(125), and 64.54(141), corresponded to JCPDS card no. 01-
078-1588. These peaks confirmed the orthorhombic configuration
of the CuO crystallite with space number of 38 and a space group
of Bmm2. Three-dimensional sizes (a = 5.3510, b = 6.0200 and ¢ =
9.3400) were different in length with all the interfacial angles of
90°. With a lattice strain of 0.089 percent, the crystallite size of
CuO was determined to be 14.02 nm. Diffraction peaks at 2-theta
positions along with the respective Akl planes were 30.38(100),
34.87(002), 54.93(110), 55.59(022), and 63.20(103), corresponding
to a hexangular ZnO crystallite with a symmetry group of P6zmc
and a space number of 186 (JCPDS card: 01-075-1538). The
dimensions of two coordinates (a and b) were 3.3520, while that of
the third (c) was equal to 5.2260 A. Additionally, « and 8 were
90.00° and v was 120°. The crystallite size of ZnO was found to be
60.3 nm, having a crystal deformation of 0.192 percent.

3.2 SEM analysis

The structural analysis of ACZ-NC and MWCNTs@ACZ-NC was
performed, and Fig. 2(a) and (b) demonstrates the obtained
FESEM micrographs. The SEM image (Fig. 2(a)) depicts the
morphological variations of ACZ-NC, where both the shape and
the size of particles were non-uniform. Both individual particles
and larger aggregates were clearly seen in the image; the indi-
vidual particles exhibited spherical, nearly spherical, slightly
elongated fiber-like structures, and polyhedral morphologies.
All these particles were non-uniform that led to the formation of
several defects in the sample. Cavity formation might also be
due to the evaporation of solvents and the removal of volatile by-
products during the drying process. These cavities were

1326 | RSC Adv, 2025, 15, 1323-1334

View Article Online

Paper

{000 ENT= 15004V Gan Vacuum = 804e-0mbur Signaid » SE2 o0 202 1000 ENT= 1500KY Gon Vacuum = 808e-10mbar SgnaiAs SE2
WO= E8mm  Operstor= Abbas - Mog= 6123KX Opeator= Abbas

Fig. 2 SEM micrographs of ACZ-NC (a) and MWCNTs@ACZ-NC (b),
showing morphological variations.
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probably a result of gas release or phase separation during the
gelation and drying stages. Some individual granules were also
observed on the surface of larger aggregates. Individual parti-
cles in the sample had wide size distribution ranging between
15 nm and 110 nm, whereas the size of the larger aggregates was
over 160 nm. Fig. 2(b) illustrates the SEM image of
MWCNTs@ACZ-NC, where changes were observed in the
morphology of ACZ-NC due to the incorporation of MWCNTS in
their structure. MWCNTs, long cylindrical carbon structures
with unique properties, significantly influence the morphology
of the resulting composite. The presence of MWCNTSs intro-
duced a distinct elongated morphology as tube-like structures
were apparent. Upon close observation, the ACZ-NC particles
were visible on the surface of elongated tube-like structures;
however, their distribution was not uniform. The number of
cavities got reduced as MWCNTs filled in voids present in the
original nanocomposite. The elongated tube-like structures were
regularly distributed and their surfaces appeared smooth and
non-porous, possibly due to the synthetic sol-gel method, which
produces materials with smooth and non-porous surfaces
through uniform deposition and controlled particle growth.

3.3 EDX analysis

Fig. 3((a) as well as (b)) displays the EDX mapping results of
ACZ-NC and MWCNT-ACZ, which confirmed the presence of
carbon from the CNTs and the metallic components, including
silver (Ag), copper (Cu), zinc (Zn), and oxygen (O), correspond-
ing to the Ag,0, CuO, and ZnO phases. No significant impurities
were detected, indicating the high purity of the synthesized
nanocomposite. The elemental mapping showed that silver
(Ag), copper (Cu), zinc (Zn), and oxygen (O) were uniformly
distributed across the CNT matrix, indicating a well-integrated
nanocomposite structure. This homogeneous distribution sug-
gested good interaction between CNTs and MO-NPs. No
significant areas of agglomeration were observed, highlighting
the efficiency of the synthesis method in achieving a well-
dispersed nanocomposite. The uniform distribution of
elements observed in the EDX mapping aligned well with the
XRD results, confirming the formation of distinct Ag,0, CuO,
and ZnO phases. The lack of significant agglomeration was
further supported by the SEM images, which showed uniformly
dispersed nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX mapping of ACZ-NC (a) and MWCNTs@ACZ-NC. (b) EDX
spectrum of MWCNTSs (c).

The EDX spectra of MWCNT@ACZ-NC displayed in Fig. 3(c)
show that the peak at 0.5 keV indicates oxygen's inclusion in
samples, most likely related oxides of Ag, Zn, as well as Cu. The
EDX spectra of MWCNT@ACZ-NC displayed in Fig. 3(c) show
that the peak at 0.5 keV indicates oxygen's inclusion in samples,
most likely related oxides of Ag, Zn, as well as Cu. Ag's peaks
became visible at 3.08 keV, for Cu at 0.9 and 8.05 keV, and for Zn
at 1.05, 8.7, and 9.6 keV, validating samples’ intended elemental
composition. Additionally, a peak at 2.62 keV indicated Cl's
existence. A peak for C centered at 0.21 keV corresponded to the
Ko peak of carbon in EDX analysis. This peak confirmed the
incorporation of MWCNTs into the nanocomposite. This peak
emerged due to the characteristic X-ray emission of carbon
atoms when they were excited by the incident electron beam.

3.4 FT-IR analysis

In Fig. 4, the FT-IR spectra display peaks at distinct wave-
numbers (cm '), indicating points where IR radiation transfer
occurred. OH absorption as well as H-O-H's stretching collision
were identified as causes of two broad bands with centers at
3380.30 and 3220.25 cm™ .** The band at 2933.79 cm™' was
ascribed to the C-H stretching modes of MWCNTs.** A slight
band resulting from the C-H stretching vibration was noticed at
2703.15 cm '** A notably intense band detected at
1634.47 cm™ was associated with H-O-H coordinated H,O
molecule's in-plane bending.** A faint band at 1516.28 cm ™" was
designated to MWCNTs' C=C expanding mode.*® Another mild
band at 1417.78 cm ™" was accredited to the M~OH vibrations.*’
Owing to the out-of-plane O-H bending vibrations, a fairly
sharp band at 1369.36 cm ™" was identified.*® A second band was
detected at 1264.30 cm ™!, and it was determined to be a C-O
stretching bond.*® C-H in flexural vibration created a band at

1
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Fig. 4 FT-IR spectra of ACZ-NC and MWCNTs@ACZ-NC, showing
different vibration bands.

1187.96 cm™'.* The M-OH (Ag, Cu, or Zn) vibrations were
assigned to the band at 1054.10 cm™*.*° The O-M-O vibrations
of Ag, Cu, and Zn were recognized as band's source at
915.46 cm'.** M-O-M (Ag, Cu, or Zn) vibrations were repre-
sented by the band at 866.21 cm™'.%> A band at 817.79 cm™ ' was
influenced by M-O-M vibrations.”® The C-O-M bond was the
prime cause of band at 748.02 cm™'.** The Cu-O elongation
mode caused the appearance of band at 678.25 cm ™. The AgO
bending vibrations gave rise to the band at 636.39 cm .5 The
band at 545.28 cm™ " was produced by ZnO bending vibrations.*”
However, ZnO stretching vibrations caused the band at
468.13 cm ™~ '.*® The incorporation of MWCNTs into the Ag,0/
CuO/ZnO nanocomposite significantly altered its FT-IR
spectra by introducing new bands, shifting existing bands,
changing intensities, broadening bands, causing the disap-
pearance of minor bands, and potentially forming new func-
tional groups. The introduction of MWCNTs led to the
appearance of new absorption bands. These bands were
attributed to the vibrational modes of the carbon nanotubes,
such as C=C elongation and C-H flexing. The incorporation of
MWCNTs caused shifts in the existing absorption bands of the
Ag,0/Cu0/ZnO nanocomposite. This happened due to interac-
tions between the MWCNTSs and the metal oxides, which altered
the local electronic environment and, consequently, the vibra-
tional frequencies. The intensity of certain absorption bands
changed. For example, the peaks corresponding to metal-
oxygen stretching vibrations (e.g.,, Zn-O, Cu-O, and Ag-O)
experienced changes in their intensities due to the physical or
chemical interactions with the MWCNTs. Enhanced dispersion
and improved interfacial bonding led to more prominent bands
or changes in the relative intensities. Moreover, the incorpora-
tion of MWCNTs enhanced the polarizability of composites due
to the presence of m-electrons in carbon nanotubes. This
increased polarizability also led to stronger interactions with
the infrared radiation, resulting in enhanced peak intensities in
the FT-IR spectra. Some minor bands either disappeared or
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became less noticeable in the FT-IR spectra as they were over-
shadowed by the more prominent absorption features of the
MWCNTs or due to changes in the vibrational modes of the
composite. The incorporation of MWCNTs also induced struc-
tural changes in the nanocomposite, such as changes in crys-
tallinity or the formation of new phases which also made some
peaks more prominent in the FT-IR spectra.

3.5 DRS analysis

The optical characteristics of ACZ-NC as
MWCNTs@ACZ-NC were investigated using DRS,
Fig. 5(a)—(c) displays the obtained findings. For both samples,
absorbance edges appeared at 720.56 nm and 765.70 nm,
respectively. The results depicted that both samples exhibited
peak absorption in the visible spectrum. Moreover, a redshift
was observed in the absorbance edge with the incorporation of
CNTs, indicating that the sample absorbed more visible light,
extending to a broader spectrum. Band gap energies for both
samples were measured using Tauc's plots derived from the
respective equations, i.e. eqn (2) and (3) for direct and indirect
transitions. The determined energy gaps are given in Fig. 5(b)
and (c), showing a slight decrease in the band gap energies, which
indicated that the electronic structure of ACZ-NC was altered by
the incorporation of MWCNTs. The decrease in band gap energies
might be due to the interaction between the electronic structure
and conductive m-electron networks of the MWCNTs.

well as
and

ahv = A(hv — Ep)* 2)

ahv = A(hv — Eg'? 3)

3.6 Photocatalytic activity

The photocatalytic efficacy of ACZ-NC as well as
MWCNTs@ACZ-NC, synthesized through a modified sol-gel
method, was assessed using Rh-6G dye as the test substrate. The

11
|=—=ACZ-NC (b)
& J——MWCNTs@ACZ-NC
BG =1.64 eV
1.0 o~ BG =1.57 eV
8 e
£ 34
50.9 2
H k
E z
=
2
0.8
|=—==ACZ-NC (a)
07— MWCNTs@ACZ-NC 0
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MWCNTs@ACZ-NC
2.2 BG=1.65eV
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(ahv)2(eV.cm-1y1/2

hv (eV)

Fig. 5 DRS spectrum (a), direct band gap (b) and indirect band gap (c)
of ACZ-NC and MWCNTs@ACZ-NC.
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Rh-6G dye was also degraded without any catalyst in order to
assess its self-photolytic capability. The assessment was con-
ducted in an outdoor setting from 11 a.m. to 3 p.m. under solar
light radiation between June 3 and June 14, 2024. Light brown
color's progressive decline over time indicated reaction
mixture's discoloration. At 526 nm, a sharp initial decline in
absorbance maxima was observed following UV-visible
measurement using a double-beam spectrophotometer, which
suggested that at that specific wavelength, the chromophore
that caused light absorption had degraded.

This decrease was pronounced in samples containing catalysts,
while it was negligible in the sample without any catalyst. The
decay curve shown in Fig. 6 demonstrates a progressive decline in
peak absorbance over time. A prominent as well as rapid reduction
in maximum absorption occurred during initial 10 min, particu-
larly in the MWCNT-modified sample. However, it was minimal in
the sample without any catalyst. Afterward, the reduction rate
slowed down in all samples. The sample modified with MWCNTSs
exhibited the greatest reduction in absorbance maximum.

Rh-6G's percentage degradation was determined using eqn
(4). Fig. 7 illustrates the results for all samples where the sample
containing ACZ-NC showed a degradation of 97.31%, while the
MWCNTs@ACZ-NC exhibited 99.61% degradation of Rh-6G. In
contrast, the sample without a catalyst showed only 3.52%
degradation. These results emphasized the relative perfor-
mance of each sample to decompose Rh-6G under specified
research conditions. The findings showed that among all
samples, the MWCNTs@ACZ-NC exhibited the highest photo-
catalytic efficiency, whereas the sample without any catalyst
showed poor catalytic activity.

% Degradation = C, — C/C, x 100 (4)

The degradation rate constants determined using eqn (5)
for photocatalytic reactions conducted with ACZ-NC,
MWCNTs@ACZ-NC, and without a catalyst were 0.05368,

104 & A N N
0.8 4
0.6 -
o
Q
(&)
0.4 -
0.2 4
—a— ACZ-NC
0.0 { —e— MWCNTs@ACZ-NC
—a— Without catalyst

0 10 20 30 40 50 60
Time (min)

Fig. 6 Degradation profile of Rh-6G in the presence of solar light and
the synthesized nanocomposites.
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Fig.7 Percentage degradation of Rh-6G in the presence of solar light
and the synthesized nanocomposites.
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Fig. 8 Degradation rate constant of the photocatalytic reaction
carried out in the presence of synthesized nanocomposites.

0.10012, and 5.90528 per min, respectively (Fig. 8). These figures
simplify Rh-6G breakdown in a specified environment by
providing insights into the photocatalytic activity ratio of each
sample. A higher rate constant signifies enhanced decomposi-
tion rate, implying enhanced photocatalytic activity in fabri-
cated samples. The outcomes indicated that MWCNTs@ACZ-
NC showed the fastest rate constant, i.e., 0.10012 per min,
among the examined samples. This suggested that
MWCNT®@ACZ-NC could potentially be more efficient at
promoting the target compound's breakdown.

In(CIC) = —kt (5)

3.7 Factors affecting the photocatalytic reaction

3.7.1 Effect of pH on % degradation. First, 0.1 M NaOH as
well as 0.1 M HCl were used to alter the Rh-6G solution's pH. By

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of pH on the photocatalytic activity.

changing the solution's pH, the proportion of H" and OH™~ was
influenced, which was accountable for the generation of free
radicals responsible for the breakdown of Rh-6G dye.>*® The
impacts of pH modifications on the % degradation rate were
carefully monitored (Fig. 9). Research revealed the degradation
of 68.38% at pH 4, 72.59% at pH 5, 76.91% at pH 6, 81.1% at pH
7, 85.334% at pH 8, 89.4% at pH 9, 93.74% at pH 10, 97.21% at
PH 11, 99.61% at pH 12, and 96.76% at pH 13. The data indi-
cated that the degradation rate increased with the progression
of pH. The ionic (Rh-6G") and non-ionic (Rh-6G) nature repre-
sent that Rh-6G has a binary existence with the latter respon-
sible for its increasing reactivity in a basic environment,
indicating that this form significantly influences its degrada-
tion. In an alkaline medium, this form allows greater dye
accessibility during cavity contraction, where extreme cavitation
accelerates decomposition. Additionally, it has been found that
dye's hydrophilic nature under alkaline conditions favors
greater degradation compared to that under acidic conditions.®
Moreover, assumption can be made that hydroxyl radical
assault, that is generally more favorable at higher pH levels, is
what is driving the primary chemical reaction in this case. In
addition, the lower degradation rate of Rh-6G at a high pH of 13,
compared to the optimal pH, was due to the rapid scavenging of
hydroxyl radicals at very high pH levels. This rapid scavenging
reduced the availability of hydroxyl radicals for specific oxida-
tion of Rh-6G dye.*

3.7.2 Effect of dose on % degradation. Fig. 10 illustrates
the decomposition of Rh-6G using different concentrations (10,
15, 20, 25, and 30 mg) of catalysts. The findings revealed that the
percentage of degradation increased proportionately with the
increase in catalyst dose. The dye's degradation rate increased
with the increase in catalyst concentration.®® A catalyst dose of
20 mg was found to have the maximum activity, suggesting this
as an optimal photocatalyst dosage for a MWCNT-modified
Ag,0/CuO/ZnO NC photocatalytic process. The number of
binding sites which interact with the dye increased as NC's total
surfaced area increased at higher doses. When MWCNTS@ACZ-
NC's concentration increased from 10 to 20 mg, Rh-6G's %
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Fig. 10 Effect of catalyst dose (mg) on the photocatalytic activity.

decomposition enhanced from 78.96% to 99.61%. However,
degradation slightly decreased to 91.67% at 25 mg, which
further declined to 80.25% at 30 mg. NC's expanded surface
area, which resulted in more active sites interacting with the
dye, was thought to be the cause of this increase in degradation
with higher catalyst doses.®* As the active site density on NCs
increased, highly reactive species were produced, improving
degradation. However, at larger doses of 25 and 30 mg, reduced
dye degradation suggested the fabrication of intermediate by-
products. Additionally, at greater quantities, the accumulation
of the NCs can occur, possibly causing reduced degradation.
Less photon contact with the catalyst surface along with less
effective light absorption by the catalyst could also be the reason
of this drop.*

3.7.3 Effect of initial concentration on % degradation. Rh-
6G's light-induced decomposition had been investigated using
different starting concentrations (5, 10, 15, 20, and 25 ppm),
yielding % degradation rates of 72.97, 89.26, 99.61, 92.79, and

100
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10 20

Initial Concentration (ppm)

Fig. 11 Effect of initial concentration (ppm) on the photocatalytic
activity.
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83.05, respectively (Fig. 11). Once the starting concentrations
reached 15 ppm, there was a noticeable increase in dye degra-
dation. However, further increases in solution strength led to
a reduction in degradation percentage. An initial concentration
of 15 ppm was identified to be a favorable condition for
upgraded photocatalytic performance, as evidenced by the
maximum degradation efficiency of 99.61%.

At elevated amounts, the reactive centers of MWCNTs@ACZ-
NC became fully occupied and saturated, resulting in reduced
degradation. The reduced hydroxyl ion production and, as
a result, reduced photocatalytic efficiency can result from the
elevated concentrations interfering with light interaction on the
catalyst surface. Additionally, the formation of breakdown
products that compete with Rh-6G for restricted catalytic sites
on the NC surface, along with reactive intermediates formation,
could contribute to this decline.

3.7.4 Effect of recycling on % degradation. MWCNTs@ACZ-
NC catalyst's durability during extended exposure as a photo-
catalyst is an important consideration. To assess its stability, it
underwent five consecutive reuse cycles; the corresponding %
degradation for cycles 1 to 5 was 99.61, 98.21, 93.74, 87.65, and
81.96 respectively (Fig. 12). The catalyst's pristine state, which
provided an ideal abundance of active sites, was probably the
cause of the high initial degradation efficiency (99.61%). A
gradual decrease in efficiency may be attributed to early catalyst
deactivation, minor structural alterations, or surface impurities.
Due to the loss of catalytic activity and dye adsorbed on the
photocatalyst during the recycling process, the deactivation rate
may deal with a moderate decrease.®® Furthermore, impurities
from reaction environment may collect on the catalyst surface
during reuse, leading to decreased catalytic efficiency. The loss of
active molecules, agglomeration, and structural modifications are
some of the factors that might deactivate a catalyst across several
phases, reducing the number of active sites that are available for
light-induced reactions.

3.8 Antibacterial activity

The antibacterial activity of the ACZ-NC and MWCNTs against
the selected bacterial strain was determined by an agar well
diffusion method, and the obtained results are shown in Fig. 13.
The data show (Table 1) that the activity of the sample increases
with the increase in the concentration of the samples. The

nIex% 99.61 %

87.65 %

98.21 %

Fig. 12 Recycling efficiency of the MWCNTs@ACZ-NC.
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Fig. 13 Antibacterial activity of the synthesized nanocomposites.

Table 1 Antibacterial activity results of ACZ and MWCNTs@ACZ-NC

Samples

Bacterial species ACZ-NC MWCNTs@ACZ-NC Standard drug Solvent

22.5 20 19.5 00
18.3 1.6 19 00

S. aureus
E. coli

enhanced activity at a higher concentration is due to the large
number of particles that interact with the bacterial surface. It is
also been observed that the activity of the ACZ-NC is higher than
that of the MWCNTs@ACZ-NC, which might be due to the
incorporation of CNTs that occupy/cover binding sites respon-
sible for direct interaction with the bacterial cell, which led to
a weak interaction between the bacterial surface and the ACZ-
NC. The incorporation of CNTs also altered the surface
morphology, surface charge and chemical functionality of the
ACZ-NC, which made the surface less compatible with the
bacterial outer membrane and this reduced interaction led to
a lower antibacterial efficacy of the MWCNTs@ACZ-NC. More-
over, the incorporation of MWCNTs led to an increase in
particle size, as observed in the SEM analysis. This increase in
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size may hinder the ability of the particles to effectively pene-
trate bacterial cells.

3.9 Antioxidant activity

By testing against the ABTS"" solution and compared to that of
ascorbic acid as a control, the antioxidant activities of ACZ-NC
as well as MWCNTs@ACZ-NC were evaluated, with the find-
ings presented in Table 2. To evaluate the percentage radical
scavenging activity, ascorbic acid and the synthesized samples
were exposed to a solution containing ABTS'" at different doses
of 5,25, 50, 100, 200 and 400 ug mL~". The antioxidant activity
rose as the concentration of both samples increased, suggesting
that to neutralize the ABTS"" radical cation, a greater amount of
antioxidants were needed.®”*® With the increase in concentra-
tion, the percentage radical scavenging activity increased. ACZ-
NC displayed scavenging activity spanning from 26.076% to
91.336% at different concentrations while the scavenging
activity of MWCNTs@ACZ-NC ranged from 27.144% to
95.924%. The antioxidant capacity of both NCs may be
explained by the negatively charged NCs' electron-donating
surface, which may be in charge of containing the ABTS free
radical species.®®® As it was able to combine more reactive
oxygen species, the antioxidant activity was stronger.”” ABTS
free radical searching activity was observed to increase when the
NP portion was increased, that may be attributed to an
increased number of NPs that could engage with ABTS free
radicals.” The antioxidant concentration at which fifty percent
of ABTS"* radical cation can be neutralized is known as the ICs,
value. The ICs, value for ACZ-NC was calculated to be 80.65 ng
mL ', For MWCNTs@ACZ-NC, the ICs, value was 59.22 pg
mL ™, while 49.79 ug mL ™" was the ICs, value of vitamin C. This
indicates that MWCNTs@ACZ-NC exhibited a greater activity
than that of the unmodified ACZ-NC, but was less active than
that of ascorbic acid. Standard deviation indicates the spread of
antioxidant activity values around the mean and helps assess

Table 2 Antioxidant activity of ACZ-NC and MWCNTs@ACZ-NC against the ABTS free radicals

Concentration % 1C50 Variance Standard deviation Correlation between
Samples (ng mL™) RSA (ng mL™") (8?) (s) dose and % RSA
ACZ-NC 5 26.076 80.65 2.65 1.63 0.110

25 34.188

50 48.228

100 65.916

200 81.004

400 91.336
MWCNTs@ACZ-NC 5 27.144 59.22 2.71 1.64 0.119

25 36.432

50 53.796

100 71.124

200 84.612

400 95.924
Ascorbic acid 5 21.92 92.74 3.09 1.75 0.102

25 33.58

50 47.956

100 57.396

200 83.976

400 94.068

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consistency. A smaller standard deviation suggests high preci-
sion and consistency in the results. A larger standard deviation
indicates greater variability, suggesting less consistency in the
antioxidant activity measurements. The values were found to be
1.63, 1.64, and 1.75 for ACZ-NC, MWCNTs@ACZ-NC, and
ascorbic acid, respectively, indicating that ACZ-NC demon-
strated the highest precision and consistency in its results. The
variance, which is square of the standard deviation, represents
the mean square error from the mean and measures the spread
of antioxidant activity values. Higher variance suggests greater
differences in antioxidant activity between samples or experi-
mental conditions. The variance values were 2.65, 2.71, and 3.09
for ACZ-NC, MWCNTs@ACZ-NC, and ascorbic acid, respec-
tively. These results indicated that ACZ-NC exhibited the least
variation in antioxidant activity across samples or conditions.
The correlation between dose and % RSA was determined to be
0.110, 0.119, and 0.102 for ACZ-NC, MWCNTs@ACZ-NC, and
ascorbic acid, respectively. This suggested that ascorbic acid
showed the strongest relationship, where higher doses were not
associated with increased % RSA, while higher doses of
MWCNTS@ACZ-NC were linked to increased % RSA. ACZ-NC
leveraged electron donation, redox cycling, SPR effects, and
metal-ligand coordination to neutralize free radicals and reduce
oxidative stress while addition of MWCNTs enhanced electron
transfer, increased active sites, and stabilized reactive species,
making the composite more effective in antioxidant applications.

4. Conclusions

In this study, ACZ-NC and MWCNTs@ACZ-NC were prepared by
the sol-gel method, which allows for better control over size and
morphology, leading to the synthesis of uniform samples, as
evident from the EDS mapping results. This method is more
efficient, faster, and simpler than the traditional approaches,
making it a superior strategy for preparing these nano-
composites. The physicochemical analysis revealed that the
crystallinity and particle size were significantly affected by the
interaction between MWCNTs and the trimetal oxide NC. A
slight decrease in the band gap energy of MWCNTs@ACZ-NC
was also observed. The incorporation of MWCNTs enhanced
the photocatalytic efficiency of the nanocomposite due to
increased conductivity and improved electron-hole separation.
The optimization process indicated that the pH, catalyst dose,
and the initial concentration of Rh-6G significantly influenced
the photocatalytic process. A similar improvement was observed
in the antioxidant activity of MWCNTs@ACZ-NC, attributed to
the increased number of binding sites and enhanced electron
transfer, which stabilized free radicals. However, a slight
decrease in the antibacterial potential of MWCNTs@ACZ-NC
was noted, possibly due to the increase in particle size, which
may have hindered the penetration of the material into bacterial
cells.

Data availability

All relevant experimental details and raw data, including char-
acterization results (XRD, SEM, FTIR, DRS and EDX mapping)
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and measurements of photocatalytic, antibacterial, and anti-
oxidant activity, have been archived and are available upon
request. Due to the large volume of data associated with the
calculation results in this study and the limitations of our
institution's data-sharing policy, it is not feasible to upload all
the data to public networks. However, we have disclosed the
relevant calculation script files involved in the research process.
The data supporting the findings of this study are available
from the corresponding author upon reasonable request. Any
additional information regarding the materials and methods
used in this study can also be provided upon request to support
further inquiries and reproducibility of the results.
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