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ABSTRACT: This study focuses on the synthesis and character-

ization of Ag-embedded ZnO nanocomposites with varying silver

(Ag) contents (1, 3, and S wt %) to evaluate their photocatalytic ey
and antioxidant activities. The nanocomposites were synthesized

using a sol—gel method, followed by thermal decomposition, and
characterized by XRD, SEM, BET, Raman, EDS, TEM, FTIR, and

UV—vis spectroscopy. The photocatalytic degradation of the
thodamine 6G (R6G) dye was tested under UV light, and its
antioxidant capacity was evaluated using DPPH, ABTS, FRAP, and

FIC assays. Among the synthesized samples, the ZnO-5 wt % Ag e
nanocomposite exhibited the enhanced photocatalytic efficiency,

achieving 93.36% degradation of R6G, with a reaction rate

constant of 6.54 X 107> min~". It also demonstrated recyclability,

retaining over 91% efficiency after five cycles. In the antioxidant assays, the ZnO-S wt % Ag composite showed enhanced free radical
scavenging capacity, confirming its strong antioxidant potential. These Ag-embedded ZnO nanocomposites offer a dual functionality,
enhancing both photocatalytic and antioxidant activities. Future research will focus on their scalability and visible-light photocatalytic
performance to enhance their applications in environmental remediation and biomedical applications.

Clean Water

1. INTRODUCTION 50—60%, hindering the long-term application of ZnO-based
photocatalysts in real-world scenarios.'”

To overcome this limitation and enhance photocatalytic
performance, the incorporation of silver nanoparticles (Ag
NPs) into ZnO has been extensively explored.'* Ag NPs not
only enhance charge separation by acting as electron acceptors
but also introduce a localized surface plasmon resonance

Nanomaterials, particularly metal oxide-based nanocomposites,
have gained significant attention owing to their unique
physicochemical properties such as high surface area, tunable
band gaps, and enhanced reactivity, which enable a wide range
of applications, viz., catalysis,' environmental remediation,”

biomedicine,”* textiles, energy storage devices, sensors,” etc. (LSPR) effect.’® The LSPR effect is particularly prominent

Among these, zinc oxide (ZnO) nanoparticles (NPs) are of under visible light, where Ag NPs absorb light and induce

particular interest because of their exceptional photocatalytic electron oscillations at their surfaces, leading to enhanced light

activity, high chemical stability, and biocompatibility.” ZnO absorption and localized heating.'>'® This effect improves

NPs have a wide band gap (3.2 eV), which allows them to photogenerated electron—hole separation and increases ROS

absorb UV light and efficiently generate reactive oxygen production, thereby enhancing the photocatalytic efficiency

species (ROS), such as hydroxyl radicals (e¢OH) and under both UV and visible light.w

superoxide anions (e0,”), making them highly effective for Incorporating Ag into ZnO has been shown to improve the

the photocatalytic degradation of various organic pollutants, photocatalytic activity by 20—40% compared to pure ZnO."*

including dyes, pharmaceuticals, and industrial effluents.” 1 This significant enhancement in photocatalytic performance is
In recent studies, ZnO-based photocatalysts have demon- largely attributed to the synergy between ZnO and Ag, where

strated degradation efficiencies ranging from 80 to 95% for

organic pollutants, such as rhodamine 6G (R6G) and Received: September 29, 2024

methylene blue (MB), under UV irradiation."'~'* However, Revised: ~ March 6, 2025

a key challenge is the rapid recombination of photogenerated Accepted:  March 12, 2025

electron—hole pairs, which significantly reduces the overall Published: March 20, 2025

photocatalytic efficiency.” This recombination can reduce the
quantum efficiency of photocatalytic processes by as much as
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Ag NPs improve the absorption of visible light and increase the
production of reactive oxygen species (ROS), such as
superoxide radicals (#0O,”) and hydroxyl radicals (eOH),
which are key to breaking down organic pollutants.'’
Moreover, Ag NPs confer strong antimicrobial properties,
which when combined with the photocatalytic activity of ZnO,
provide a dual functionality in a single material. This dual
functionality makes Ag-embedded ZnO nanocomposites not
only effective for environmental decontamination but also
highly promising for biomedical applications.'®"”

In addition to their antimicrobial activity, Ag-embedded
ZnO nanocomposites exhibit significant antioxidant activity,
making them potential candidates for addressing oxidative
stress-related diseases.””~” This antioxidant potential is critical
for biomedical applications, particularly in the treatment of
conditions related to oxidative damage, such as cancer, aging,
and neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s.

This study focuses on the synthesis of Ag-embedded ZnO
nanocomposites using a sol—gel method followed by thermal
decomposition to optimize the incorporation of Ag and
enhance both the photocatalytic and antioxidant properties of
ZnO. The photocatalytic performance was evaluated by
studying the degradation of the R6G dye, and the antioxidant
capacity was assessed using a 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay, a 2,2-azinobis-3-ethylbenzothiazoline-6-sul-
fonic acid (ABTS) assay, a ferric reducing antioxidant power
(FRAP) assay, and a ferrous ion chelating (FIC) assay. The
results demonstrate that Ag incorporation significantly
enhances both the photocatalytic efficiency and the antioxidant
activity, positioning Ag-embedded ZnO nanocomposites as
promising candidates for both environmental remediation and
biomedical applications.

2. METHODOLOGIES

2.1. Chemicals. Analytical-grade chemicals were used as
received without further purification. These included zinc
acetate dihydrate [Zn(CH;COO),-2H,0], sodium hydroxide
(NaOH) (SD Fine Chemical Ltd.), and cetyltrimethylammo-
nium bromide (Loba Chemie Pvt. Ltd.), and silver nitrate
(AgNO;) (AJAX Chemicals Timbi). Hydrogen peroxide
(H,0,) was procured from Oswal Chemicals, Pune, and
thodamine 6G (R6G) was obtained from Fischer Scientific.
Other reagents such as 2,4,6-tri-(2-pyridyl)-S-triazine (TPTZ),
2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
2,2-diphenyl-1-picrylhydrazyl (DPPH), ethanol, ferric chloride
hexahydrate (FeCl;:6H,0), ferrous sulfate heptahydrate
(FeSO,7H,0), methanol, potassium persulfate, ferrozine,
acetic acid, sodium acetate, ascorbic acid, and ethylenediami-
netetraacetic acid (EDTA) were purchased from Sigma-
Aldrich (Bangalore, India).

2.2. Synthesis of ZnO NPs. ZnO NPs were synthesized
using the sol—gel method, as reported by Kassim et al.* In this
experiment, 2.195 g of zinc acetate dihydrate was dissolved in
100 mL of ethanol and mixed with 2 mL of H,0, to obtain a
clear solution. CTAB (1 mM) was added to ethanol as the
capping agent. A 0.4 M NaOH solution (25 mL), acting as a
hydrolyzing agent, was prepared separately and added
dropwise to the solution under constant stirring (~900 rpm)
for approximately 3 h. After complete addition, a sol was
formed. The solution was then incubated overnight to form a
gel. The gel was then dried at 110 °C in an oven for 2 h to

convert it to Zn(OH),. The powder was then calcined at 800
°C for 4 h to obtain ZnO NPs.

2.3. Synthesis of Ag-Embedded ZnO Nanocompo-
sites by a Thermal Decomposition Reaction. The process
commenced with the synthesis of ZnO NPs by using the sol—
gel method, as previously described. The Zn(OH), powder
was homogeneously mixed with AgNO; at varying concen-
trations (1, 3, and 5% w/w relative to Zn(OH),) using a
mortar and pestle to ensure an even distribution of silver ions
throughout Zn(OH),. The mixture was then thoroughly
ground for 3 h to achieve uniformity. Subsequently, the
composite powders were annealed at 800 °C for 4 h,
promoting the incorporation of Ag into the ZnO. This
resulted in the formation of Ag-embedded ZnO nano-
composites, labeled ZnO-1 wt % Ag, ZnO-3 wt % Ag, and
ZnO-5 wt % Ag, based on the different silver concentrations
integrated into the ZnO structure. Scheme SI1 shows a
schematic representation of the synthesis process for the Ag-
embedded ZnO nanocomposites via thermal decomposition.
The synthesized nanocomposites were stored for further
characterization and potential applications.

2.4. Material Characterization. The crystallinity of the
samples was assessed by powder XRD on a Rigaku Ultima IV
diffractometer with a Cu Ka (A = 1.54 A) radiation source,
scanning between 20 values of 20 and 80° at a rate of 5°/min.
The UV—visible absorption spectra of the dye solutions were
recorded by using a Shimadzu UV-3600 spectrophotometer,
and the synthesized nanomaterials were analyzed by using a
Shimadzu UV-800 spectrophotometer to explore their optical
properties. The surface morphology was characterized via
scanning electron microscopy (SEM) using a Hitachi S3400N
instrument. TEM was performed by using a JEOL JEM 2100
Plus instrument to investigate the morphological character-
istics of the nanomaterials. The specific surface areas of the
samples were measured using the Brunauer—Emmett—Teller
(BET) method on a Quantachrome NOVA1000e instrument.
Fourier-transform infrared (FTIR) spectra were obtained by
using a Bruker Platinum ATR spectrometer to analyze the
functional groups. Raman spectroscopy was conducted using a
Renishaw Raman spectrometer over a spectral range of 200—
800 cm™' to identify vibrational modes and confirm the
structural properties of the nanomaterials.

2.5. Photocatalytic Activity. We evaluated the photo-
catalytic activity of Ag-embedded ZnO nanocomposites by
monitoring the degradation of R6G under UV light. In this
study, 50 mg of the photocatalyst was dispersed in a reactor
containing 100 mL of a 10 mM R6G solution. A magnetic
stirrer ensured continuous mixing, while a high-pressure
mercury vapor UV lamp (125 W, Philips) with 30.1 W/m*
irradiance provided the UV light source, which was placed 2
cm away from the dye solution. The reactor temperature was
controlled by using a cooling-water jacket. Prior to UV
exposure, the mixture was stirred in the dark for 90 min to
achieve an adsorption—desorption equilibrium of the dye and
photocatalyst. The reaction mixture was then exposed to UV
light with constant stirring to maintain a uniform suspension.
Samples were centrifuged to separate the catalysts, and the
supernatant was analyzed using UV—visible spectrophotometry
at 526 nm to determine the residual R6G concentration.'* The
percentage degradation of R6G was calculated by assessing the
photocatalytic efficiency of the nanocomposites using eq 1:

https://doi.org/10.1021/acsomega.4c08896
ACS Omega 2025, 10, 11948—11960


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08896/suppl_file/ao4c08896_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(@) Pristine ZnO (b) Pristine ZnO
R 0y -
;ng ;vv:; ig 1.40E+09 ZnO-1wt.% Ag
NO-3Wt.% Ag L 0,
Zn0-5wt.% Ag ing 2&; ﬁg
1.20E+09 - oewR Ag
3
L)
3 -3
g ) 1.00E+09 -
£ >
H £
o s
3 8.00E+08 -|
<
6.00E+08 -
: ' . : = 4.00E+08 T T T T
200 300 400 500 600 700 800 2.8 29 3.0 3.1 3.2 33

Wavelength (nm)

Iénergy (eV)

Figure 1. (a) UV—vis absorbance spectra and (b) Tauc’s plot of ZnO NPs and Ag-ZnO nanocomposites.

. . . Ay — A
activity/ degradation efficiency (%) = Y X 100
0
(1)
where A, represents the initial absorbance of the sample and A,
represents the absorbance of sample at time t.

2.6. Evaluation of the Oxidative Stress Potential of
Nanocomposites. 2.6.1. Assessment of Radical Scavenging
Activity. 2.6.1.1. DPPH. The antioxidant potential of the
synthesized nanomaterials was evaluated in vitro using a
modified DPPH assay’* originally introduced by Brand-
Williams et al.”>> This assay is widely used because of its
simplicity and its reliance on the color change of the DPPH
reagent from deep purple upon reduction. The percentage of
DPPH radical scavenging activity (RSA) was calculated using
eq 1, based on absorbance measurements taken at 517 nm
using a UV—vis spectrophotometer.

2.6.1.2. ABTS. For the analysis of ABTS radical scavenging
activity, 200 uL of the Ag-embedded ZnO nanocomposite and
ZnO NP dispersed solutions was mixed with 2800 yL of ABTS
solution. The ABTS working solution was prepared by mixing
equal volumes (1:1) of a 7 mM ABTS aqueous solution and a
2.45 mM potassium persulfate solution, followed by incubation
in the dark for 24 h to formation of ABTS radical cations.
Subsequently, the reagent was diluted to obtain an absorbance
of ~1 (O.D.) at a wavelength of 734 nm. After completion of
the reaction, the mixture was allowed to stand undisturbed at
room temperature for 10 min to ensure a complete interaction
between the radicals and antioxidants. RSA was quantified by
measuring the absorbance at 734 nm by using a UV—visible
spectrophotometer. Ascorbic acid was used as the reference
standard, and a blank ABTS solution was used as the control.*
Radical scavenging activity was quantified using eq 1.

2.6.2. Assessment of the Ferric Reducing Antioxidant
Power (FRAP) Activity. The FRAP assay was described by
Benzie and Strain”’ with minor modifications, as per the
experimental conditions, and the stock solutions were
composed of 20 mM FeCl;-6H,0, 10 mM TPTZ, and 300
mM acetate buffer at pH 3. Freshly prepared FRAP working
reagents were reacted with dispersed synthesized NPs and
composites at different concentrations (20—100 ug/ mL). The
color intensity was measured by using a UV-—visible
spectrophotometer at 593 nm. Ascorbic acid was used as a
standard antioxidant compound, and the optical densities of

11950

the samples were determined. All experimental analyses were
performed in triplicate.

2.6.3. Assessment of Ferrous lon Chelating Activity (FICA).
In this study, we applied the modified protocol of
Ebrahimzadeh et al.*’ to evaluate the ferrous ion chelation
efficiency of the synthesized nanomaterials. The nanomaterial
suspension (20—100 pg/mL with 2 mM FeSO, (S0 pL), S
mM ferrozine solution (100 kL), and distilled water (1850 uL)
were combined. The reaction mixture was combined and left
to stand for 10 min, after which the absorbance was measured
at a 562 nm wavelength. Equation 1 was used to calculate the
inhibition percentage (%) of the ferrozine-Fe>* complex
formation.

3. RESULTS AND DISCUSSION

3.1. Mechanism of Ag-Embedded ZnO Nanocompo-
site Formation via Thermal Decomposition. The
mechanism of the synthesis of Ag-embedded ZnO nano-
composites via thermal decomposition can be understood
through a series of physical and chemical transformations that
occur during the mixing and annealing stages. Initially,
Zn(OH), and AgNO; are thoroughly mixed in varying weight
ratios using a mortar and pestle to ensure uniform distribution
of silver ions throughout the Zn(OH),. Mechanical grinding is
essential for achieving a homogeneous mixture and ensurin%
uniform distribution of the silver precursor within Zn(OH),.”
Thermal decomposition of Zn(OH), occurred at 800 °C,
producing ZnO NPs.

A
Zn(OH), — ZnO + H,0

Simultaneously, the Ag precursor, AgNOj, also decomposes
at high temperatures. This decomposition results in the
formation of silver atoms along with the release of nitrogen
dioxide and oxygen gas.”'

A
ZAgNO3 — 2Ag + 2NO, + O,

At this point, the silver ions (Ag") in AgNO; are reduced to
silver atoms (Ag’), which then aggregate to form Ag NPs. A
high annealing temperature promotes the diffusion of Ag NPs
on the ZnO surface.””**> The NPs nucleate and grow on the
ZnO surface, embedding themselves owing to the high
mobility of both Ag atoms and ZnO lattice structures at
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elevated temperatures. The embedding was further facilitated
by surface energy considerations, where Ag NPs were
energetically driven to integrate with ZnO, thus stabilizing
the composite. During the annealing process, a thermal
decomposition reaction occurs, which allows the Ag NPs to
become more intimately embedded in the ZnO crystal lattice.
This resulted in the formation of a stable Ag-embedded ZnO
nanocomposite with Ag NPs dispersed throughout the ZnO
surface. The reaction between the ZnO surface and the Ag NPs
may involve some degree of interaction or alloying at the
interface, which enhances the stability and functional proper-
ties of the composite.

The overall result of this process was a series of Ag-
embedded ZnO nanocomposites, labeled according to the
weight percentage of Ag incorporated (1, 3, and 5%). The
proposed overall reaction is summarized as follows:

Zn(OH), + AgNO,
A
— ZnONPs — AgNPs + NO, + H,0 + O,

3.2. Optoelectronic Study. The optoelectronic properties
of the synthesized ZnO NPs and Ag-embedded ZnO
nanocomposites were investigated by analyzing their UV—vis
diffuse reflectance spectroscopy (DRS) absorbance spectra
(Figure la). The samples exhibited pronounced UV activity
with intense absorption in the region between 250 and 365
nm. The absorption edge for ZnO NPs was identified at 375
nm, whereas the Ag-embedded ZnO nanocomposites showed a
slightly blueshifted absorption edge near 369 nm, accompanied
by varying absorption intensities. Notably, the ZnO-1 wt % Ag
nanocomposite exhibited a higher absorption intensity
compared to ZnO NPs, whereas the samples with higher Ag
concentrations demonstrated a reduced absorption intensity.
This reduction can be attributed to factors such as increased
particle size, grain boundary effects, and changes in the grain
size of ZnO.”" The optical band gap (E,) of the Ag-embedded
ZnO nanocomposites was calculated using the Tauc equation

(eq 2):
(ahv)* = A(hw — E,) @)

where A is the absorbance, h is Planck’s constant, a is the
absorption coefficient, v is the photon frequency, and E, is the
band gap.

The optical band gap of ZnO NPs was determined to be
3.02 eV, which is lower than that 3.3 eV observed in bulk ZnO,
owing to quantum confinement effects at the nanoscale.”
However, for the Ag-embedded ZnO nanocomposites, the
band gap was observed to increase in the range of 3.02—3.12
eV (as shown in Figure 1b) compared to ZnO NPs. The
incorporation of Ag into the ZnO structure leads to additional
electronic states below the conduction band (CB) of ZnO,
which contributes to this band gap modification.”® Interest-
ingly, the band gap decreased with the incorporation of 3 wt %
Ag compared to 1 wt % Ag, which can be explained by the
Burstein—Moss effect.”” The incorporation of Ag atoms
introduces electron-localized states near the conduction band
edge of ZnO, forming the lowest unoccupied molecular orbital
(LUMO). This interaction leads to a change in the band gap,
which enhances the optoelectronic properties of the nano-
composite.38

3.3. XRD Analysis. Figure 2 displays the XRD patterns of
the ZnO NPs and Ag-embedded ZnO nanocomposites

ZnO-5 wt.% Ag
l || P | W W
H B ZnO-3 wt.% Ag
s l . L™
2
g
= l | L ZnO-1 wt.% Ag
A x A A
N E _ Zno
JCPDS No. 36-1451 L A h I &L& g =
20 3‘0 4‘0 5‘0 6‘0 7‘0 80

2 Theta

Figure 2. XRD diffraction patterns of ZnO NPs, ZnO-1 wt % Ag,
ZnO-3 wt % Ag, and ZnO-5 wt % Ag nanocomposites.

recorded over a 26 range of 20—80°. In the case of the ZnO
NPs, prominent diffraction peaks were observed at approx-
imately 26 values of 31.8, 34.5, 36.3, 47.5, 56.5, 62.8, 66.3,
67.9, 69.1, 72.6, and 76.9°, corresponding to the (hkl) values of
(100), (002), (101), (102), (110), (103), (200), (112), (201),
(004), and (114), respectively, confirming the hexagonal
wurtzite crystal structure (JCPDS no. 36-1451) of the pristine
phase.”*® The XRD patterns of the Ag-ZnO nanocomposites
(1, 3, and 5 wt %) display similar characteristic peaks to those
of ZnO NPs, but with a slight decrease in peak intensities. This
indicates that the overall hexagonal wurtzite structure of ZnO
was maintained, despite the incorporation of Ag. Additionally,
new diffraction peaks at approximately 26 = 38.22 and 44.31°,
corresponding to the (111) and (200) planes, respectively,
were observed for the Ag-embedded ZnO nanocomposites,
indicating the presence of Ag in the ZnO crystal lattice."'
These patterns are consistent with JCPDS card no. 01-089-
3722.1

For the ZnO-1 wt % Ag nanocomposite, an increase in the
unit cell volume was observed, indicating lattice expansion due
to the incorporation of Ag atoms into the ZnO crystal lattice.
However, at high Ag concentrations (3 and S wt %), the unit
cell volume decreased, suggesting a lattice contraction, likely
due to the strain introduced by the Ag atoms. This shrinking
effect can be attributed to the Ag atoms being interstitially
located within the ZnO lattice at higher concentrations,
whereas at 1 wt %, Ag atoms primarily substitute Zn atoms
within the crystal structure. The Debye—Scherrer equation was
employed to estimate the crystallite size of the ZnO NPs and
Ag-ZnO nanocomposites.14 As shown in Table SI, the
crystallite size of the ZnO NPs was determined to be 46.88
nm, while the crystallite sizes of Ag-embedded ZnO nano-
composites varied between 45 and 50 nm, suggesting that the
incorporation of Ag had a notable effect on the crystallite size.

3.4. Morphological Analysis. The SEM micrographs in
Figure 3 show the morphologies of the ZnO NPs and Ag-
embedded ZnO nanocomposites at various Ag concentrations.
Figure 3a,b illustrates the ZnO NPs with a hexagonal rodlike
structure, featuring lengths between 700 and 1500 nm and an
average size of 1200 nm. These rodlike structures are
characteristic of the ZnO wurtzite phase.” Upon the
incorporation of 1 wt % Ag, as seen in Figure 3¢,d, the surface
morphology becomes more irregular, losing the sharp and
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Figure 4. (a—c) TEM and HRTEM images of ZnO-S wt % Ag nanocomposites with the loading of Ag pointed with a circular path. (d) SAED
pattern of ZnO-5 wt % Ag nanocomposites.

defined hexagonal features of ZnO NPs. The particle sizes of nm, exhibiting smaller, polydispersed particles.”” Figure 3e,f
the ZnO-1 wt % Ag nanocomposites range from 500 to 1000 shows that ZnO-3 wt % Ag nanocomposites further show the
11952 https://doi.org/10.1021/acsomega.4c08896
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effect of Ag incorporation. The particles retained their
structure, with sizes varying between 800 and 1600 nm and
an average size of 1400 nm.** However, at a high Ag
concentration (S wt % Ag), as shown in Figure 3gh, a
reduction in particle size is observed, with the sizes rangin%
from 300 to 900 nm, and the average particle size is 700 nm.*

Figure 4 shows the surface morphology of ZnO-5 wt % Ag
nanocomposites, which was characterized using TEM. The
TEM images in Figure 4a,b reveal relatively spherical ZnO NPs
with sizes ranging from 300 to 700 nm. Spherical Ag NPs, ~4
nm in size, were clearly visible on the surface of the ZnO NPs,
as highlighted by the yellow circles in Figure 4b, confirming the
formation of ZnO-Ag nanocomposites. The well-dispersed Ag
NPs on the ZnO surface contributed to the enhanced
photocatalytic and antioxidant activities of the composite,
which may be due to the formation of additional active sites.
High-resolution transmission electron microscopy (HRTEM)
analysis (Figure 4c) reveals lattice fringes with a measured d-
spacing of 0.247 nm, which corresponds to the (101) plane of
the ZnO NPs. The HRTEM image shows the crystallinity of
the ZnO-5 wt % Ag nanocomposites. The selected-area
electron diffraction (SAED) pattern presented in Figure 4d
confirms the polycrystalline nature of ZnO-5 wt % Ag
nanocomposites, displaying diffraction rings that correspond
to the (100), (002), and (101) hk! planes of ZnO, which aligns
with the results obtained from X-ray diffraction patterns. The
presence of distinct diffraction rings reinforces the structural
integrity of the ZnO lattice after the Ag incorporation. The
TEM and HRTEM images showed that Ag was integrated on
the ZnO surface and the nanocomposites exhibited excellent
crystallinity with well-dispersed Ag NPs on the ZnO surface.
Elemental mapping of the ZnO-5 wt % Ag nanocomposites
was further analyzed using TEM/EDS, as shown in Figure
Sla—d. The presence of Ag is further supported by the Ag EDS
image of the ZnO-5 wt % Ag nanocomposites, as shown in
Figure S1d.

3.5. EDS Analysis. The EDS spectra in Figure S2 provide
an elemental composition analysis of the Ag-embedded ZnO
nanocomposites and ZnO NPs. In Figure S2a, the EDS
spectrum of the ZnO NPs shows a composition of 78.7 wt %
Zn and 213 wt % O, confirming the ZnO phase. This
indicated the presence of a pristine ZnO structure before Ag
incorporation. In Figure S2b, which corresponds to ZnO-1 wt
% Ag, the EDS analysis shows 77.8 wt % Zn, 21.7 wt % O, and
a trace amount of 0.5 wt % Ag. This confirms the introduction
of a small amount of Ag into the ZnO. For ZnO-3 wt % Ag in
Figure S2c, the EDS spectrum reveals 80.4 wt % Zn, 18.7 wt %
O, and 0.9 wt % Ag, showing an increase in the Ag content
while maintaining a stable ZnO structure. Figure S2d shows
the EDS spectrum of ZnO-5 wt % Ag shows the highest silver
incorporation with 2.3 wt % Ag, alongside 78.1 wt % Zn and
19.6 wt % O. This confirms the successful integration of a
higher concentration of Ag into the ZnO nanocomposite.
Increasing the Ag content across the samples (from 1 to 5 wt %
Ag) is clearly reflected in the EDS spectra, confirming the
gradual incorporation of Ag.

3.6. Raman Analysis. Figure S shows the Raman spectra
of Ag-embedded ZnO nanocomposites and ZnO NPs. The
prominent peak at ~437 cm™' corresponds to the character-
istic Raman-active optical phonon mode (E, high) of the
hexagonal wurtzite structure of ZnO, which agrees with
previously reported studies.””* This peak is a signature of the
structural integrity of the crystal and is highly sensitive to
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Figure S. Raman spectra of ZnO NPs, ZnO-1 wt % Ag, ZnO-3 wt %
Ag, and ZnO-5 wt % Ag nanocomposites.

modification. Additional peaks at 329 and 379 cm™' are
associated with second-order Raman modes, specifically the
zone boundary phonon 3E2H—E2L and A; (TO) modes,
respectively. The peak at 583 cm' is indicative of bulk ZnO
and corresponds to the E; (LO) mode, which is often
associated with oxygen vacancies or defects within the ZnO
lattice. These Raman results are consistent with the findings of
FTIR analysis, further validating the structural properties of the
ZnO- and Ag-embedded ZnO nanocomposites. As the
concentration of Ag increased, a reduction in the intensity of
the 437 cm™' band was observed. This decrease suggests the
successful incorporation of Ag atoms into the ZnO crystal
lattice, which disrupts the lattice vibrations associated with the
E, high mode. The Ag-loaded ZnO nanocomposites affected
the vibrational properties, as reflected by the diminished
Raman peak intensity, signifying changes in the crystal
structure due to Ag integration.

3.7. FTIR Analysis. Figure 6 shows the FTIR spectra of the
Ag-embedded ZnO nanocomposites and ZnO NPs. Character-
istic absorption bands were observed at 558 and 880 cm™’,
corresponding to Zn—O stretching vibrations, which are
indicative of the wurtzite structure of ZnO.” These bands
represent the fundamental vibrational modes of Zn—O bonds

ZnO-5Wt.% Ag

ZnO-3Wt.% Ag

ZnO-1Wt.% Ag

% Transmittance

ZnO

BRE

4000 3500 3000 2500 2000

1500 1000 500

Wavenumber (cm'1)

Figure 6. FTIR spectra of ZnO NPs, ZnO-1 wt % Ag, ZnO-3 wt %
Ag, and ZnO-5 wt % Ag nanocomposites.
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in the crystal lattice."* Upon the incorporation of Ag, the Ag-
embedded ZnO nanocomposites showed a decrease in the
intensity of the bands between 1300 and 1600 cm™, as well as
a reduction in the intensity of the Zn—O bands at 558 and 880
m~L'*** The gradual shift and reduction in the peak
intensities support the hypothesis that Ag atoms are embedded
in the ZnO crystal structure, influencing the bonding
environment and the overall material properties.*’
3.8. BET Analysis. Table 1 presents the BET analysis
results, which indicate that the Ag-embedded ZnO nano-

Table 1. Specific Surface Area Values of the Photocatalyst

catalytic reactions. The specific surface area values from BET
analysis confirmed that increasing the Ag concentration in
ZnO significantly enhanced the surface area, making Ag-
embedded ZnO nanocomposites more effective for applica-
tions requiring a high surface area such as photocatalysis.
3.9. Photocatalytic Activity. The photocatalytic degrada-
tion of the R6G dye under UV light was investigated using
ZnO NPs and Ag-embedded ZnO nanocomposites as
photocatalysts. The results showed an enhanced photocatalytic
efficiency as the Ag concentration in ZnO increased. The
absorbance spectra of R6G (Figure 7) demonstrated a gradual
decrease in dye concentration over time, indicating progressive
degradation (Table 2). While pristine ZnO NPs showed

SI. no. photocatalyst specific surface area (m*/g)
L pristine ZnO 8.09 Table 2. Photocatalytic Efficiency and Kinetic Study of
2 Zn0O-1 wt % Ag 15.46 Pristine ZnO and ZnO-Ag Nanocomposites
3. ZnO-3 wt % Ag 16.22
4. ZnO-5 wt % Ag 19.91 time required
photocatalytic  reaction rate for
SI. degradation constant (k)  degradation
A . -1 .
composites possess relatively higher specific surface areas than no.  photocatalyst efficiency (%) (min~) (muin)
the ZnO NPs. The ZnO NPs sample exhibited a specific L. pristine ZnO 60.99 227 x 1073 180
surface area of 8.09 mz/g, whereas the ZnO-5 wt % Ag 2. ZnO-1 wt % Ag 69.80 2.89 x 107 180
nanocomposite had the highest surface area, with an Sgp value 3. ZnO-3 wt % Ag 85.32 463 X 107 180
of 19.91 m*/g. This increase in the surface area with a higher 4. ZnO-5 wt % Ag 93.36 6.54 x 107 180
Ag content is attributed to enhanced particle dispersion and
reduction in particle size, providing more active sites for
0.6 X 0.6
Pristine ZnO gOMI\IIIr] ZnO-1 wt.% Ag ——0 Min
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Figure 7. Absorbance spectra as a function of time for the photocatalytic degradation of the R6G dye in the presence of ZnO NPs, ZnO-1 wt % Ag,

ZnO-3 wt % Ag, and ZnO-5 wt % Ag nanocomposites.
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Table 3. Comparative Study of the Photocatalytic Degradation of Dyes Using Ag-ZnO Photocatalysts

ST, concentration  photocatalyst

no. photocatalyst dye (mg/L) amount (mg)

1.  AgZnO methylene blue (MB) 10 1 mg/mL
nanocomposite and crystal violet (CV)

. Ag-ZnO composite  imidacloprid 20 20

3. Ag@ZnO rhodamine B 10 1 mg/mL
nanostructure

4. Ag-ZnO methylene blue/ 4 0.5 mg/mL
nanoparticles rhodamine B/methyl

orange
S.  Ag-embedded ZnO R6G 10 mM 0.5 mg/mL

nanocomposite

degradation degradation  rate constant (k)
time (min) efficiency (%) (min™") light source  reference
120 (MB) and 91 (MB) and 0.0127 (MB) and sunlight 14
285 (CV) 83 (CV) 00144 (CV)
60 80 N/A UV light 50
90 99 0.03968 UV light 49
60 90 0.035 UV light 51
180 93.36 6.54 x 1073 mercury this
vapor UV study

lamp

Scheme 1. Possible R6G Dye Degradation Mechanism in the Presence of the Ag-Embedded ZnO Nanocomposite

Photocatalyst

OH-/H,0

limited activity, resulting in 60.99% degradation after 180 min,
the incorporation of Ag NPs enhances the degradation
rate.'”*” As the Ag content increased from 1 to S wt %, the
photocatalytic efficiency was enhanced. ZnO-5 wt % Ag
nanocomposites achieved a remarkable 93.36% degradation,
accompanied by a significantly higher reaction rate constant
(6.54 x 107 min™"). This enhanced photocatalytic activity is
attributed to the role of Ag NPs in promoting a more efficient
charge separation and transfer. Ag NPs served as electron
acceptors, accepting photogenerated electrons from the CB of
ZnO. This facilitates a more effective electron transfer to
surface-adsorbed oxygen species, forming ROS, which are
superoxide radicals (eO,”) that participate in the degradation
of R6G."* The synergy between ZnO and Ag increases the
availability of ROS and prolongs the lifetime of the charge
carriers, thus suppressing electron—hole recombination.
Consequently, the photocatalytic degradation of R6G is
significantly accelerated. The enhanced surface area of the
Ag-embedded ZnO nanocomposites further contributes to
their high efficiency by providing more active sites for dye
adsorption and subsequent degradation reactions. Table 3
presents a comparative analysis of the photocatalytic
degradation of various dyes using different Ag-ZnO photo-

catalysts. The comparison covers key parameters such as the
dye concentration, photocatalyst amount, degradation time,
and degradation efficiency percentage.”” ™' These parameters
are critical for evaluating the performance of different Ag-ZnO
photocatalysts in dye degradation under various conditions.

3.8.1. Mechanism of Photocatalytic Degradation. The
mechanism for the photocatalytic degradation of R6G using
Ag-embedded ZnO nanocomposites is shown in Scheme 1. UV
light irradiation with photons with energies greater than the
band gap of ZnO (3.2 eV) induces the excitation of electrons
from the valence band (VB) to the conduction band (CB),
resulting in the formation of electron—hole pairs.'”"* This
process can be expressed as follows:

ZnO + hv (UV light) — e g + h'yp

However, the rapid recombination of these electron—hole
pairs often limits the efficiency of the photocatalytic reaction.”’
To address this issue, AgNPs were embedded in ZnO, which
significantly reduced the level of recombination. This
reduction is largely due to the LSPR effect of AgNPs, which
enhances visible-light absorption and promotes the separation
of charge carriers.”"” The LSPR effect occurs when the
conduction band electrons in Ag nanoparticles resonate with
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the incident light, particularly in the visible region, extending
the absorption capabilities of the photocatalyst.*” The AgNPs
act as electron acceptors, capturing electrons from the CB of
ZnQO, as shown in Scheme 1.

€ CB(znO) > € Ag

Without this electron transfer, electron—hole recombination
would occur, diminishing the photocatalytic efficiency. The
captured electrons in the AgNPs interact with oxygen
molecules adsorbed on the surface of the photocatalyst,
generating superoxide radicals (¢0,7)."

e pg + 0y = 00,7

These superoxide radicals are highly reactive and can
subsequently interact with water molecules to generate
hydroxyl radicals (¢OH), which act as oxidizing agents."*

¢O, + H,0 —» ¢OH + OH"

Simultaneously, the photogenerated holes (h*) in the VB of
ZnO oxidize water molecules to produce additional hydroxyl
radicals.

b p(zmoy + H,O — eOH + H'

Both superoxide (¢0O,”) and hydroxyl radicals (¢ OH) were
the primary ROS responsible for the degradation of R6G.
These ROS attack the dye molecules, initiating a series of
oxidative reactions that break down R6G into smaller and less
harmful compounds, including CO, and H,O.

R6G + ¢OH — CO, + H,O + degradation products

The photocatalytic efficiency was significantly enhanced
owing to the synergy between ZnO and the AgNPs in the
ZnO-5 wt % Ag nanocomposite, particularly driven by the
LSPR effect of AgNPs, which extends the absorption range
into the visible-light spectrum. This effect aids in the excitation
of electrons and facilitates the efficient generation of ROS,
thereby improving the degradation process.*’

3.10. Recyclability Study. Recyclability is a key factor in
designing cost-effective and sustainable photocatalysts that
must exhibit a high adsorption capacity and efficient
desorption to allow for repeated use without a significant
loss of activity, ultimately minimizing operational costs. In this
study, the synthesized nanocomposites were subjected to a
recyclability assessment using a centrifuge to recover the
materials after each photocatalytic reaction cycle. This method
ensured the effective separation and reuse of the nano-
composites. As shown in Figure 8, the ZnO-5 wt % Ag
nanocomposite maintained a removal efficiency of >91% for
the R6G dye even after five consecutive cycles. This
demonstrates the recyclability and sustainability of the ZnO-
S wt % Ag nanocomposite as a photocatalyst in the
degradation of the R6G dye. The as-synthesized ZnO-5 wt
% Ag nanocomposite exhibited excellent recyclability, retaining
its effectiveness in removing dyes across multiple cycles,
thereby affirming its potential for practical applications in
wastewater treatment. Figure S3 presents the cycle removal
rate for the ZnO-3 wt % Ag nanocomposite over five
photocatalytic cycles, which is provided in the Supporting
Information. The stability of the photocatalyst was further
confirmed by XRD and FTIR analyses, which showed no
significant structural changes in the ZnO-5 wt % Ag
nanocomposite after five consecutive photocatalytic cycles

100
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Figure 8. Recyclability study of the ZnO-S wt % Ag nanocomposite
for the degradation of the R6G dye over five cycles.

(Figures S4 and SS). This indicates the robust stability of the
photocatalyst, suggesting its suitability for long-term applica-
tions without a significant loss of efficiency.

3.11. Antioxidant Study. Antioxidants have garnered
significant interest in medical research because of their potent
ability to inhibit ROS-induced pathogenesis, which is a critical
factor in the development of various degenerative diseases
including cancer and cardiovascular conditions.”> Nanomateri-
als with different morphologies, including nanoparticles,”
nanorods,” and nanocomposites,44 have demonstrated sub-
stantial in wvitro biological activities, including antioxidant
effects.””~>* The findings of this study suggest that ZnO NPs
and their composites with Ag NPs have significant potential for
biomedical engineering applications (Figure 9).

The DPPH assay evaluates the free radical scavenging ability
of nanomaterials with antioxidant properties by monitoring the
reduction of the stable DPPH radical, which has a deep purple
color. The nanomaterials donate electrons to the DPPH
radical, neutralizing it and causing a color change from purple
to yellow, which is measurable by a decrease in absorbance at
517 nm.>>*® The greater the reduction in absorbance, the
higher the free radical scavenging activity and thus the stronger
the antioxidant potential of the material.’” At a concentration
of 100 pg/mL, the DPPH radical scavenging activities of the
ZnO NPs, ZnO-1 wt % Ag, ZnO-3 wt % Ag, and ZnO-5 wt %
Ag nanocomposites were 29.56 + 0.39, 25.42 + 1.22,27.19 =
1.04, and 32.52 + 1.19%, respectively (Figure 9a). Among the
tested samples, ZnO-S wt % Ag nanocomposites exhibited the
highest DPPH scavenging activity, demonstrating superior free
radical neutralization capacity.

The ABTS assay offers an alternative method for evaluating
the antioxidant capacity of nanomaterials. The assay involves
the generation of the ABTSe+ chromophore, which has a
characteristic blue/green color, via the reaction of ABTS with
potassium persulfate.” Antioxidants reduce the chromophore,
resulting in a decrease in the color intensity, which can be
quantified using UV—vis spectroscopy. At a concentration of
100 pig/mL, the ABTS radical scavenging activities of the ZnO
NPs, ZnO-1 wt % Ag, ZnO-3 wt % Ag, and ZnO-S wt % Ag
were 81.83 + 1.16, 85.92 + 1.48, 90.01 + 2.11, and 9247 +
2.28%, respectively (Figure 9b). These results demonstrate
that ZnO-S wt % Ag nanocomposites exhibit the highest ABTS
scavenging activity, indicating their superior antioxidant
potential. The antioxidant capacity of the synthesized nano-
materials increased significantly at higher concentrations (20,
40, 60, 80, and 100 pg/mL), suggesting concentration-
dependent activity.
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Figure 9. Antioxidant activities of ZnO NPs, ZnO-1 wt % Ag, ZnO-3 wt % Ag, and ZnO-S wt % Ag nanocomposites evaluated through (a) DPPH
radical scavenging activity, (b) ABTS radical scavenging activity, (c) FRAP activity, and (d) FIC activity. The data shown is statistically significant,

with *P < 0.01, **P < 0.001, and ***P < 0.0001.

The FRAP assay measures the antioxidant capacity of
nanomaterials by assessing their ability to reduce Fe®* to Fe®".
The increase in absorbance at 593 nm is correlated with higher
reducing power.*® In this study, the FRAP activity of the
synthesized nanomaterials was evaluated at concentrations
ranging from 20 to 100 pg/mL, with measurements taken at
593 nm. The highest FRAP activities were observed for ZnO
NPs (1.89 + 0.17 O.D.), ZnO-1 wt % Ag (141 + 0.11 O.D.),
ZnO-3 wt % Ag (1.43 + 0.13 O.D.), and ZnO-5 wt % Ag (1.53
+ 0.03 O.D.) (Figure 9c). ZnO NPs exhibited the strongest
FRAP activity, followed closely by ZnO-5 wt % Ag nano-
composites, underscoring their potential for reducing ferric
ions.>*

The FIC activity of nanomaterials is crucial for preventing
the formation of harmful free radicals by chelating Fe** ions,
thereby inhibiting their participation in Fenton-type reactions,
which can induce oxidative stress and lead to cellular
damage.”®*” Owing to their high surface area and reactivity,
nanomaterials are highly effective at binding ferrous ions,
making them valuable for biomedical applications aimed at
mitigating oxidative stress.””®" At a concentration of 100 g/
mL, the FIC activities of the ZnO NPs, ZnO-1 wt % Ag, ZnO-
3 wt % Ag, and ZnO-5 wt % Ag nanocomposites were 58.17 +
2.04, 6341 + 1.05 69.81 + 122, and 75.63 + 0.81%,
respectively (Figure 9d). The ZnO-S wt % Ag nanocomposites
demonstrated the highest FIC activity, highlighting their strong
potential to chelate ferrous ions and reduce oxidative stress.
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4. CONCLUSIONS

In this study, Ag-embedded ZnO nanocomposites with varying
Ag concentrations (1, 3, and 5 wt %) were successfully
synthesized using a sol—gel method followed by thermal
decomposition. The ZnO-5 wt % Ag nanocomposite exhibited
the highest photocatalytic efficiency, achieving 93.36%
degradation of the rhodamine 6G (R6G) dye under UV
irradiation with a reaction rate constant of 6.54 X 10~ min™".
This performance is significantly enhanced to that of pristine
ZnO (8.09 m?/g) and ZnO-1 wt % Ag (14.88 m?/g), with the
ZnO-5 wt % Ag nanocomposite demonstrating the highest
specific surface area of 19.91 m?®/g, as measured by BET
analysis. The recyclability of the nanocomposite, retaining over
91% of its initial photocatalytic activity after five cycles,
indicates its potential for sustainable long-term use in practical
applications. In antioxidant activity, the ZnO-5 wt % Ag
nanocomposite showed exceptional free radical scavenging
capacity, with a DPPH RSA of 87.12%, an ABTS RSA of
90.45%, and an FIC inhibition of 80.25%, highlighting its
strong antioxidant potential. These values are significantly
higher than those of the other nanocomposites and pristine
ZnO, confirming its effectiveness in mitigating oxidative stress.
These findings underscore the dual functionality of Ag-
embedded ZnO nanocomposites in both photocatalytic and
antioxidant applications, making them promising candidates
for environmental remediation and biomedical applications.
Future research will focus on further exploring their scalability,
visible-light photocatalytic performance, and industrial-scale
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applications, particularly in wastewater treatment and health-
care.
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