
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
10

:0
2:

55
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis and ch
aDepartment of Chemistry, Walchand C

Maharashtra 413001, India
bDepartment of Chemistry, Sangameshwar

India
cCollege of Science, Mustansiriyah Universit
dCentre for Research and Technology Deve

College of Engineering, Solapur, 413255, M
eDepartment of Chemistry, Kolhapur Institu

(Empowered Autonomous), Kolhapur-41623
fN.K. Orchid College of Engineering and Te

India. E-mail: panchsheela_ubale@rediffma

Cite this: RSC Adv., 2026, 16, 16253

Received 14th December 2025
Accepted 10th March 2026

DOI: 10.1039/d5ra09660j

rsc.li/rsc-advances

© 2026 The Author(s). Published by
aracterization of Ag-doped ZnO
nanostructures and an assessment on their
enhanced bacterial inhibition and photocatalytic
degradation

Vishwajeet. Aherkar,ab Ali Abdulmawjood Mohammed,c Anmar A. Al-shimary,c

Rekha M. Ovhal,*a Shivaji Pawar,d Ganesh Kamblee and Panchsheela A. Ubale *f

In this study, zinc oxide (ZnO) and silver-doped ZnO nanoparticles with varying silver concentrations (1, 3, 5,

and 7 mol%) were synthesized using a simple and cost-effective sol–gel method. The prepared

nanoparticles were characterized in terms of their optical, structural, and morphological properties using

ultraviolet-visible (UV-vis) spectroscopy, X-ray diffraction (XRD), field-emission scanning electron

microscopy (FESEM), and high-resolution transmission electron microscopy (HRTEM). The study revealed

that band gap decreases and particle size increases with increasing Ag content. The hexagonal wurtzite

crystalline structure of ZnO and Ag-doped ZnO is confirmed by XRD. The photocatalytic activity of the

synthesized nanoparticles toward methylene blue degradation, along with their antibacterial activity

against Staphylococcus aureus and Pseudomonas aeruginosa, and antifungal activity against Candida

albicans, was investigated.
1. Introduction

The area of nanotechnology has shown great promise and has the
potential to completely transform a number of sectors, including
electronics, healthcare, and energy. Zinc oxide nanoparticles'
performance has been found to be greatly improved by doping,
which is the act of adding impurities to a semiconductor to change
its electrical or optical properties.1,2 The incorporation of dopants
like gallium, indium, and aluminium into the zinc oxide lattice
has gained considerable scientic interest owing to their ability to
improvemultiple properties.3Changes in zinc oxide nanoparticles'
bandgap, optical properties, and electrical conductivity can have
a signicant impact on how well they perform in a variety of
applications, including solar energy conversion, gas sensing, and
photocatalysis.4 Dopants can change the surface energy and
reactivity of zinc oxide nanoparticles, which can affect how these
nanoparticles interact with certain molecules during gas sensing
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and catalysis applications.5 Furthermore, doping can modify the
reactivity and surface chemistry of zinc oxide nanoparticles,
thereby inuencing their interaction with target molecules in
sensing and catalytic applications.6 By gaining a deeper under-
standing of these effects, we can explore the potential of zinc oxide
nanoparticles in other technological domains.

To enhance the properties of ZnO nanoparticles for appli-
cations in photocatalysis, sensing, optoelectronics, and anti-
bacterial activity, N. Rauf et al. investigated a wide range of
dopants, including rare earth metals, transition metals, noble
metals, post-transition (poor) metals, and nonmetals. For
instance, europium-doped ZnO has been explored for antibac-
terial activity, optical switching, and nonlinear optical (NLO)
applications, while Zn–La–O systems co-doped with Cu have
demonstrated enhanced antibacterial effects.7 N. Kangathara
et al. used a straightforward coprecipitation approach to study
pure ZnO and Mg-doped ZnO nanoparticles with average crys-
tallite diameters of 29 and 33 nm, respectively. It was discovered
that the Mg–ZnO nanostructures had an enhanced ethanol-
sensing ability. Their increased active surface area and
improved conductivity made them an attractive option for
ethanol sensing applications.8 In order to improve and manage
the multifunctional qualities of dysprosium-doped ZnO nano-
particles for optoelectronic and magnetoelectrical
applications, N. Aggarwal et al. synthesised Dy-doped ZnO
nanoparticles by a sol–gel method and used the four-probe
method for analyzing resistivity dependence on the dopant
concentration.9 A. Vanaja et al. reported that sol–gel-derived Cu-
RSC Adv., 2026, 16, 16253–16263 | 16253
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doped ZnO nanoparticles exhibited reduced particle size and
improved stability. The peak intensity increased with copper
doping, according to optical absorbance measurements, sug-
gesting improved optical qualities, and because of their special
qualities, ZnO nanoparticles were used in LEDs, varistors, UV
absorbers, and the biomedical industry.10 Aer investigating
yttrium-doped ZnO nanorods, D. Vaddi et al. reported that they
retained the hexagonal wurtzite crystal structure and a 97%
photodegradation efficiency at a 3% doping concentration.11 In
their research on codoped ZnO nanoparticles, N. Lavanya et al.
found that these particles had red-shied optical characteristics
and produced white light that was appropriate for LED
applications.12 M. Bodiul Islam et al. concluded that with an
increase in the Ag concentration, the band gap decreased, and
the absorption edge of the NPs was red-shied, indicating the
insertion of a new energy level into the material's band struc-
ture. With 7% Ag doping, the lowest band gap (3.26 eV) was
discovered. Moreover, Zn0.93Ag0.07O NPs demonstrated the
strongest antibacterial activity, conrming their potential use as
antibacterial agents.13

Zinc oxide nanoparticles doped with silver combine the
antibacterial capabilities of silver with the characteristics of
ZnO. ZnO NPs' antibacterial and antifungal properties can be
strengthened by the addition of silver ions or particles.14 When
Ag is doped into ZnO, possible changes in the band gap, which
is connected to the material's optical absorption, and surface
plasmon resonance, which inuences the optical properties of
the nanoparticles, may be seen.15

The problem of pollution resulting from dyes and the
emergence of antibiotic-resistant microorganisms are
becoming increasingly severe. Doped ZnO nanoparticles can
signicantly reduce the band gap. Doped nanoparticles are
more effective than zinc oxide alone in combating germs and
photocatalysis. Finding the ideal silver dopant concentration
needed to produce devices with an appropriate degree of anti-
bacterial activity remains a top research priority across
a number of elds.

In this study, we aim to investigate zinc oxide nanoparticles
and evaluate how doping inuences their properties and
performance. The duration of capping agent ethanol, addition
and the incubation period were varied from previous studies to
evaluate their impact on structural, optical, and crystallite size
properties. A moderate incubation period favors smaller crys-
tallite sizes. Further, we report a sol–gel method for the
synthesis of Ag-doped ZnO nanoparticles, and the effect of
different doping concentrations of silver on the antimicrobial
and photocatalytic activity is studied.
Fig. 1 Schematic of the synthesis of Ag-doped ZnO NPs.
2. Experimental
2.1 Synthesis of silver-doped zinc oxide nanoparticles

The sources of zinc, silver and oxygen were zinc acetate dehy-
drate [Zn(CH3COO)2$2H2O], silver nitrate [AgNO3], sodium
hydroxide [NaOH], and ethanol [C2H5OH]. AR-grade chemicals
were used immediately aer purchase from Loba Chemicals.
The precursor solutions were prepared in deionized water.
16254 | RSC Adv., 2026, 16, 16253–16263
In order to obtain ZnO NPs, 100 mL of a 0.1 N Zn(CH3-
COO)2$2H2O solution was mixed with a 0.1 M NaOH solution by
dropwise addition and stirred for two hours. For two hours,
ethanol was gradually and dropwise added to the precursor
mixture. The produced solution was incubated for 12 hours in
order to form a gel. The gel was centrifuged and dried in an oven
for the second time aer being roasted at 60 °C for around four
hours to produce a white solid. ZnO NPs were obtained by
annealing the dry powder for two hours at 500 °C and labelled
as S0.

To synthesize 1, 3, 5, and 7mol% Ag-doped ZnO NPs, 100 mL
of a 0.1 N Zn(CH3COO)2$2H2O solution was added to the
desired concentration of AgNO3 solution with constant stirring
for about half an hour. The mixture was agitated to obtain
a homogeneous solution. Aer that, a 0.1 M NaOH solution was
gradually added to the mixture and stirred for two hours. For
two hours, ethanol was gradually and dropwise added to the
precursor mixture. The produced solution was incubated for 12
hours in order to form a gel. The gel was centrifuged and dried
in an oven for the second time aer being roasted at 60 °C for
around four hours to produce a white solid. The samples
labelled S1, S3, S5, and S7 represent 1, 3, 5, and 7 mol% Ag-
doped ZnO NPs, respectively, which were obtained by anneal-
ing the dry powder for two hours at 500 °C. Fig. 1 depicts the
schematic diagram of the synthesis of Ag-doped ZnO
nanoparticles.

All experiments were done three times on different days to
make sure the results were reliable.
2.2 Characterization techniques

All of the samples underwent X-ray diffraction (XRD) analytical
measurements using the Ultima IV apparatus from Rigaku
Corporation, Japan, which uses Cu-Ka radiation (l = 1.5406 Å).
A JEOL JSM-6360 was used to conduct the eld-emission scan-
ning electron microscopy (FESEM) and energy-dispersive X-ray
spectroscopy (EDX) investigations. Using a JEOL JEM-2100
plus high-resolution transmission electron microscope
(HRTEM), the morphology was analyzed. The Ag-doped ZnO
NPs' UV-vis spectra were captured using a Shimadzu UV-2600i
spectrometer (Japan). This spectrometer measured the absor-
bance edge in the wavelength range of 200–800 nm.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3 Photocatalytic activity test

This investigation evaluated the photocatalytic efficacy of ZnO
(S0) and Ag-doped ZnO NPs (S1, S3, S5, and S7) via the utiliza-
tion of methylene blue, a dye commonly utilized for such
assessments. The examination was carried out to establish the
capability of ZnO and Ag-doped ZnO NPs in effectively and
consistently decomposing methylene blue (MB) at an ambient
temperature. In a beaker of a moderate size, 100 mg of the
catalyst (ZnO or Ag–ZnO) was mixed with 100 mL of a methylene
blue solution with an initial concentration of 10 ppm under
irradiation using a 36-W high-pressure mercury lamp posi-
tioned at a distance of 3 cm from the specimen.16 The catalyst
mixture was subjected to magnetic stirring to achieve homo-
geneous dispersion of nanoparticles in the MB solution. The
separation of the catalyst from the suspension was achieved
through centrifugation, and UV-vis spectroscopic analysis was
carried out using deionized water as the blank reference for
quantifying the absorption of MB.

Aer a duration of 120 minutes comprising complete illu-
mination, the transmittance of the solution containing MB was
documented at 30-minute intervals and converted into absor-
bance. The extent of photocatalytic degradation was determined
by measuring the absorbance of the solution at 664 nm. Eqn (1)
was used to calculate the degradation efficiency of the dye.

%Degradation ¼ C0 � Ct

C0

� 100 (1)

At the typical absorption wavelength of 664 nm, the initial
absorbance was represented by C0, and the absorbance aer t
minute was represented by Ct. The photodegradation efficiency
was expressed as the highest photodegradation at each
interval.17 The photodegradation rate constant, k, was deter-
mined by plotting log(Ct/C0) against time on a line graph.
Fig. 2 The XRD patterns of Ag-doped ZnO with different doping
concentrations of silver (1, 3, 5 and 7 mol%).

Table 1 Crystallite size of ZnO and Ag-doped ZnO nanoparticles

Sample
Crystallite
size (nm)

S0 22 � 3.45
S1 25 � 1.83
S3 26 � 3.77
S5 28 � 6.74
S7 31 � 8.80
2.4 Antibacterial studies

The study of the antimicrobial activity of S0, S1, S3, S5 and S7
was performed against Gram-positive bacteria Staphylococcus
aureus, Gram-negative bacteria Pseudomonas aeruginosa and
fungi Candida albicans.18 The microorganism's inoculum was
derived from the bacterial cultures. 15 mL of a nutrient agar
(HiMedia) medium was added to sterile Petri plates and allowed
to cool and solidify. 100 mL of a bacterial strain broth was
aspirated, evenly spread over the medium using a spreading rod
and dried thoroughly. Following agar solidication, the
samples were positioned on the plates accordingly and incu-
bated at 37 °C for 24 hours. The assessment of antibacterial
activity was conducted by measuring the diameters of the zones
of inhibition (ZIs).

Each compound was dissolved in DMSO at a desired
concentration and kept in the fridge until needed for the anti-
fungal study. The compounds were tested for their antifungal
properties using the agar well diffusion assay.19,20 Sabouraud
dextrose agar from HiMedia was utilized to cultivate fungi. A
solution with an acidic pH (pH 5.5–5.6) and a high concentra-
tion of glucose (40%) was made by combining Sabouraud
© 2026 The Author(s). Published by the Royal Society of Chemistry
dextrose agar (SDA) with distilled water, followed by sterilizing
it at 120 °C for 15 minutes. 25 mL of an SDA medium at 45 °C
was safely added to each sterile Petri dish measuring 100 mm ×

15 mm. To determine the number of fungi spores, they were
mixed with normal saline to reach a volume of 1 mL, and then,
they were counted using a haemocytometer (Neubauer
chamber). Aer the agar had solidied, sterile cork borers were
used to create 8-mm wells. Next, 0.1 mL (100 mL) of each stock
solution containing compounds with the nal concentrations
was added to each well, and the plates were then incubated at
29 °C for 24 hours.

Each Petri dish had two wells treated with DMSO and posi-
tive and negative controls, respectively, of the reference anti-
fungal medication, clotrimazole (1 mg mL−1), dissolved in
DMSO. The diameter (mm) of the clear zone of growth inhibi-
tion was used as a measure of antifungal activity.21,22
3. Results and discussion
3.1 X-ray diffraction measurements

The crystalline structure and phase structure variations among
S0, S1, S3, S5 and S7 were assessed using XRD analysis, as di-
splayed in Fig. 2. An XRD scan covering the range from 20° to
80° was selected to analyze crystalline phases, lattice parame-
ters, and phase identication. The broadened peaks observed in
the XRD pattern indicate the successful formation of nano-
crystalline structures.23 The XRD patterns of all samples were
obtained at angles between 30° and 80°. The peaks representing
RSC Adv., 2026, 16, 16253–16263 | 16255
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Fig. 3 FESEM and EDS images of undoped ZnO (S0) and Ag-doped
ZnO (S1, S3, S5, and S7).
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the (100), (002), (101), (102), (110), and (103) planes are observed
at the 2q values of 31.80°, 34.45°, 36.25°, 47.62°, 56.69°, and
62.95°, respectively. No additional peaks were observed, and all
diffraction peaks were indexed to the hexagonal wurtzite
Table 2 EDS elemental composition analysis

Elements

S0 S1 S3

Weight % Atomic % Weight % Atomic % Weight

O K 50.92 � 0.2 79.53 � 0.2 31.1 � 0.2 65.15 � 0.2 37.99 �
Zn L 49.09 � 0.2 20.47 � 0.2 66.54 � 0.2 34.11 � 0.2 51.22 �
Ag L — — 2.36 � 0.2 0.73 � 0.2 10.79 �

16256 | RSC Adv., 2026, 16, 16253–16263
structure of ZnO, conrming the absence of any secondary
phases, in agreement with JCPDS card no. 01-079-2205.24

If Zn2+ ions are replaced by silver, an equivalent peak shi in
the XRD pattern is anticipated. The absence of this shi in the
recorded XRD suggests that Ag particles have aggregated at the
ZnO grain boundaries or that the amount of Ag integrated at the
substitutional Zn site is negligible. The difference in the ionic
radii of Ag+ (1.22 Å) and Zn2+ (0.72 Å) makes the latter possibility
implausible, as silver particles preferentially choose to aggre-
gate near the ZnO grain boundaries. There are no metallic Ag
peaks visible in the Ag–ZnO's XRD. The low amount of Ag could
be the cause of this. It is improbable that the prepared Ag–ZnO
contains Ag as Ag2O. No additional secondary phases such as
Ag2O, Zn or Ag metallic phases are observed in all the samples.

Doping Ag into ZnO NPs increases the crystallinity, as we
observed. The XRD peaks of Ag-doped ZnO exhibit a slight shi
toward lower diffraction angles. Because of lattice distortion,
the strength of the diffraction peaks diminishes with peak
broadening as the silver doping content rises.25 The Debye–
Scherrer formula was used for calculating the particle size (eqn
(2)). The XRD peaks of Ag-doped ZnO exhibit a slight shi
toward lower diffraction angles. As the Ag doping concentration
increases, the crystallinity of the produced nanoparticles
increases. Additionally, it is noted that when the Ag concen-
tration increases when doping ZnO, the average crystallite size
increases from 22 to 31 nm. The little amount of silver absorbed
on the ZnO surface, the separation of Ag ions at the ZnO
boundaries, and the lower solubility of Ag in ZnO could
collectively be the cause of this.26,27

D ¼ 0:94l

b cos q
(2)

where l is the wavelength of the incident Cu Ka beam (l =

1.5405 Å), q is the Bragg angle in radians, and b is the full width
at half maximum (FWHM) of the peak. It is also observed that
the average crystallite size increases from 22 to 31 nm with
increasing Ag doping in ZnO (Table 1).

3.2 FESEM and EDX analysis

It has been demonstrated that ZnO NPs' morphological char-
acteristics are signicantly affected by silver doping. Field-
emission scanning electron microscopy (FESEM) was utilized
to investigate the impact of Ag doping on ZnO NPs, specically
the way in which the addition of Agmodies ZnO's morphology.
Fig. 3 shows the morphologies of ZnO (for a comparative study)
and Ag-doped ZnO at different molar concentrations. Both pure
ZnO and Ag-doped ZnO NP samples consist of densely packed
columns that form nanoparticles. The analysis of the FESEM
S5 S7

% Atomic % Weight % Atomic % Weight % Atomic %

0.2 72.88 � 0.2 39.07 � 0.2 75.4 � 0.2 41.42 � 0.2 78.31 � 0.2
0.2 24.05 � 0.2 38.45 � 0.2 18.16 � 0.2 29.61 � 0.2 13.57 � 0.2
0.2 3.07 � 0.2 22.48 � 0.2 6.43 � 0.2 28.97 � 0.2 8.11 � 0.2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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micrographs reveals a distinct alteration in the morphology of
ZnO upon silver doping. The FESEM images of Ag-doped ZnO
demonstrate a more organized morphology, with reduced
particle agglomerations compared to ZnO NPs. The presence of
silver may have disrupted the growthmechanism, leading to the
development of uniformly dispersed nano-sized particles and
resulting in a smoother surface morphology, as observed in
previous studies.28 An increase in the concentration of silver
doping could potentially bring about a noticeable shi in the
size distribution of the nanoparticles.29 Higher levels of silver
ions might accelerate nucleation rates and promote particle
growth, thereby leading to the formation of larger nano-
particles.30 Fig. 3 shows the FESEM images of samples prepared
with varying concentrations of silver, ranging from 0 to 7 mol%.
The inuence of Ag on the size of ZnO NPs is clearly depicted in
the images. In Fig. 3 (S0), which presents 0% Ag, a mixture of
small and large particles is observed. Upon the addition of 1%
Ag, all grains appear small with an increased surface/volume
ratio. Further increments in the amount of Ag result in
a reduction in the number of small particles, which nearly
disappear in the samples containing 7% Ag. Consequently, an
increase in the quantity of Ag leads to variations in the particle
size, causing a slight decrease in the surface/volume ratio. At
higher concentrations of silver doping, the surface morphology
may exhibit greater roughness or irregularity due to the pres-
ence of additional silver ions and their impact on the dynamics
of crystal growth. The EDX spectrum is a commonly employed
analytical technique for assessing the elemental composition of
materials, as shown in Table 2. Fig. 3 provides vital information
on the distribution and presence of silver in the ZnO matrix.
The intensity of these peaks enables the determination of the
relative concentrations of each element. The presence and
concentration of silver in the ZnO matrix were conrmed by
analyzing the intensity of the Ag peaks. Noteworthy, peaks
associated with Zn and O signify the presence of the ZnO
matrix. The variations in the percentage corresponding to the
doping level are conrmed by the intensity of Ag peaks.
Fig. 4 HRTEM images of undoped ZnO (S0) and Ag-doped ZnO (S1,
S3, S5, and S7) along with the corresponding FFTs and d-spacings.
3.3 HRTEM analysis

The effect of the doping concentration was examined using
HRTEM analysis. The high-resolution transmission emission
microscopy images of ZnO and Ag-doped ZnONPs (S0, S1, S3, S5
and S7) are shown in Fig. 4. The agglomerated Ag particles
within the ZnO nanoparticles exhibit a rod-like morphology.
This size uctuation suggests that Ag within the ZnO crystals
has introduced lattice stress.31 Additionally, the images clearly
show the edges of distinct planes, demonstrating the nano-
particles' single-crystalline structure. Furthermore, the growth
direction and lattice spacing are shown in Fig. 4, along with the
fast Fourier transform (FFT) and inverse fast Fourier transform
(IFFT) patterns from the same region.

The pristine ZnO nanoparticles demonstrate a measured
separation of 2.8 Å ° between neighboring fringes, which
corresponds effectively with the interplanar distance of the 100
plane.32 Moreover, the fast Fourier transform (FFT) pattern
indicates that the growth direction is 100, illustrating a vertical
© 2026 The Author(s). Published by the Royal Society of Chemistry
growth parallel to the c-axis. The inverse fast Fourier transform
(IFFT) patterns of the samples containing 1, 3, 5, and 7mol% Ag
reveal fringe spacings of 1.9 Å, 2.6 Å, 2.1 Å, and 1.6 Å, respec-
tively. These measurements closely match the d spacings of the
(102), (002), (102), and (110) planes, respectively, in accordance
with the growth direction observed in the FFT patterns.33
3.4 Optical properties

UV-visible spectroscopic investigations were performed in order
to gure out how the optical properties of ZnO NPs were
RSC Adv., 2026, 16, 16253–16263 | 16257
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Fig. 5 (a) UV-vis spectra of Ag-doped ZnO nanoparticles. (b) Band gap of Ag-doped ZnO.
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affected by Ag doping. Fig. 5a demonstrates the UV-vis spectra
of the ZnO and Ag-doped ZnO NPs (S0, S1, S3, S5 and S7).
Furthermore, for comparison, the spectrum of the ZnO nano-
particles (containing 0 mol% Ag) is presented. A prominent
shoulder can be seen in the spectra for each sample in the 350–
400 nm wavelength region.34 According to this phenomenon,
Ag-doped ZnO NPs' intrinsic band gap represents electron
transitions from the valence band to the conduction band. Ag-
doped ZnO catalysts exhibit increased absorption in the
visible spectrum mainly as a result of metallic silver
nanoparticle-induced surface plasmon resonance (SPR) and
a decrease in ZnO's band gap energy.

Using eqn (3), the optical band gaps (Eg) of the pure ZnO and
Ag-doped ZnO NPs were calculated by extrapolating the linear
region of the a2 vs. hv plots.

(ahn)2 = A(hn − Eg)
n (3)

where a, hn, A, and Eg are the absorption coefficient, photon
energy, relation constant, and optical band gap, respectively.
The best t for these NPs is obtained at n = 1, when a notable
linearity is seen, indicating a direct permitted transition.35 The
band gap values of the S0, S1, S3, S5, and S7 samples are
measured to be 3.26 eV, 3.24 eV, 3.21 eV, 3.19 eV, and 3.18 eV,
respectively, which are listed in Table S1. An increase in the Ag
doping concentration in ZnO NPs reduces the band gap and
leads to a red-shi in the absorption edge position, which can
be elucidated by the substitution of Ag+ ions for Zn2+ ions
within the ZnO lattice, thereby counteracting the inuence of
the particle size.36 The shi in the absorption edge also signies
variations in the direct band gap of the nanoparticles (Table S1).

Moreover, the Ag clusters' Fermi level is traversed by the
conduction band (CB) electrons that are energized from the
valence band (VB), and the electron transport will proceed until
the whole Ag Fermi level and ZnO CB value equalize.37 It is
reasonable to anticipate increased electron transport and
decreased Eg values as the Ag content rises. As a result,
increasing the Ag concentration promotes the formation of
more oxygen vacancies, leading to a reduction in the band gap
(Eg) value.
16258 | RSC Adv., 2026, 16, 16253–16263
By contrast, the Burstein–Moss effect causes band gap
widening when the number of electron donors in the system
increases.38 This results in a blue-shi in the band gap of ZnO,
which can be attributed to electron donors like Al and Ga, and
Fig. 5b illustrates how adding electron acceptors such as Ag
reduces the band gap of ZnO NPs.
3.5 Photocatalytic analysis

The photodegradation of MB dye was studied using the degra-
dation of a 10 ppm aqueous solution under 36-W UV light
irradiation every 30 minutes using the S0, S1, S3, S5, and S7
catalysts. This study's main objective was to ascertain how the
concentration of Ag doping in ZnONPs affects the breakdown of
a pollutant, such as MB dye. The UV-vis absorption spectra were
obtained at wavelengths ranging from 300 to 700 nm. Fig. 6
shows the time-dependent absorbance spectra for 120 minutes
under UV light irradiation. The plot indicates that the charac-
teristic absorption peak (lmax) of MB is observed at 664 nm. Ag-
doped ZnO NPs exhibits notable photodegradation aer 120
minutes. Based on MB's absorbance at 664 nm, eqn (1) was
utilized to calculate the degradation efficiency of MB aer 120-
min UV exposure. The enhancement in the photocatalytic
activity of semiconductor materials can be attributed to
multiple causes. The electron transfer from the dye to the CB of
ZnO and Ag's Fermi level, which also simultaneously partici-
pates in electron transfer from ZnO's CB, is the basis for the
mechanism of photocatalytic reactions in the presence of
a dye.39 Therefore, in the presence of both Ag–ZnO nano-
particles and dye molecules, the interaction of conduction band
(CB) electrons with dissolved oxygen in the solution results in
the generation of reactive oxygen species. The dye degradation
is caused by these active oxygen species, and their quantity
increases with the Ag concentration.40 Moreover, the enhanced
photocatalytic efficiency can be attributed to oxygen vacancies,
which promote the transfer of photoexcited electrons to the
dye.41 Based on these discussions, it can be said that in our
instance, the ZnO nanoparticles' photocatalytic activity
increases with the amount of Ag present, which causes an
increase in oxygen defects. This outcome is consistent with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-visible absorption patterns of the MB dye examined using ZnO and Ag-doped ZnO samples (S0, S1, S3, S5 and S7).
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recognized processes that increase the Ag-doped ZnO NPs'
capacity for photocatalysis.

The saturation of photocatalytic activity has been achieved,
but this phenomenon can be interpreted in multiple ways. The
presence of metallic nanoparticles of Ag in the sample may
initially lead to a reduction in the available free surface area for
interaction with light and adsorption of dye molecules by ZnO.
However, the proximity of electric charge carriers to the surface
of the particle, particularly in the scenario of particles with an
extremely minute size, may result in an increased likelihood of
recombination occurring. This recombination process can then
© 2026 The Author(s). Published by the Royal Society of Chemistry
surpass interfacial charge transfer, leading to a decline in the
photocatalytic activity of the particles. The results obtained
indicate that achieving enhanced photocatalytic activity
depends on the specic particle size and the optimal amount of
Ag doping in ZnO.42

In summary, the Ag doping of ZnO NPs results in increased
photocatalytic activity in the visible and UV regions of the
electromagnetic spectrum, at least for the effective removal of
MB dye. The Ct/C0 vs. irradiation time curves of Ag-doped ZnO
NPs are shown in Fig. 7a. The variation of ln(Ct/C0) vs. irradia-
tion time for the prepared catalysts is shown in Fig. 7b. The rate
RSC Adv., 2026, 16, 16253–16263 | 16259
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Fig. 7 (a) Photodegradation plots of MB dye over ZnO and Ag-doped
ZnO catalysts, represented as Ct/C0 versus time. (b) Kinetic plots of MB
dye degradation over ZnO and Ag-doped ZnO catalysts, expressed as
ln(Ct/C0) versus time.
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constants are of the rst order and found to be 0.00427,
0.00971, 0.01026, 0.01258 and 0.01462 for S0–S7, respectively.
Based on a comprehensive analysis, ZnO and Ag-doped ZnO
Fig. 8 Antibacterial and antifungal activity of Ag-doped ZnO NPs agains

16260 | RSC Adv., 2026, 16, 16253–16263
catalysts degrade MB with optimal values of 69% 73%, 77%,
80% and 88% for S0, S1, S3, S5 and S7, respectively, as pre-
sented in Fig. 7a and b. A comparative study with previously
reported research articles is shown in Table S2.43–46

Ag + hy / h+ + e−

Ag(e−) + ZnO / ZnO(eCB
−) + Ag(h+)

ZnO(eCB
−) + O2/ ZnO +O2

$−/ 2HO/H2O2/HO+OH−

+ O2

Ag(h+) + OH− / Ag + HO

$OH + dye / dyeox / intermediate / CO2 + H2O
3.6 Antimicrobial activity

The well diffusion method, a common laboratory procedure to
assess an antimicrobial agent's efficacy against bacteria, was
used to test the antibacterial activity of these nanoparticles
(Fig. S1).

Using this method, the materials to be tested, i.e., ZnO and
Ag-doped ZnO NPs, were put in wells created in an agar plate
that was infected with bacteria. Following incubation, the zone
of inhibition—the region surrounding the wells in which
bacteria cannot proliferate—was measured.

For testing, two widely used bacterial strains were employed.
S. aureus is a Gram-positive bacterium that is distinguished by
its thick peptidoglycan cell wall. Gram-negative bacteria include
P. aeruginosa, which has an extra outer membrane but a thinner
peptidoglycan layer. These two varieties reect distinct bacterial
cell wall architectures, which frequently affect an organism's
vulnerability to antimicrobial agents.
t S. aureus, P. aeruginosa and C. albicans.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ZnO and Ag-loaded ZnO compounds were added to the
culture medium that was preinoculated with the microbial
suspension, and aer a 24-hour incubation period, the clear
zone of growth inhibition was measured. The cells of fungi were
distorted by the nanoparticles, which interfere with cellular
activity and prevent the bacteria from developing.47 Reactive
oxygen species production increases the porousness of cell
membranes, facilitating cell death.48 The antibacterial and
antifungal activities of S0, S1, S3, S5 and S7 are shown in Fig. 8.
Because of the variation in the membrane's ROS sensitivity and
thickness, ZnO is more prone to bacterial growth. However,
delayed oxidation causes silver, a corrosion-resistant noble
metal, to release ions, which interact with bacterial cell
membranes to produce antibacterial characteristics.49

The effectiveness of nanoparticles in destroying germs is
signicantly inuenced by their silver content. The addition of
silver causes zinc oxide to produce more electron–hole pairs,
which enhances oxidative stress in microorganisms and
damages their cells.50 On the other hand, excessive silver may
lead to agglomeration or adversely affect the host system,
thereby reducing its efficiency, whereas lower silver concentra-
tions may be insufficient to eliminate resistant
microorganisms.

4. Conclusion

In the present study, ZnO and Ag-doped ZnO NPs are synthe-
sized by a sol–gel method. The optical band gap is found to
decrease from 3.26 eV for pure ZnO NPs to 3.18 eV for 7 mol%
Ag-doped ZnO NPs. XRD analysis indicates a hexagonal wurtzite
structure, and the average crystallite size increases from 22 nm
for pure ZnO NPs to 31 nm for 7 mol% Ag-doped ZnO NPs. The
FESEM study indicates a polycrystalline nature, and HRETM
analysis conrms the growth of particles along the respective
planes at various Ag doping levels. The antibacterial activity
analysis of Ag-doped ZnONPs reveals that they are more specic
towards bacteria S. aureus and P. aeruginosa than fungi C.
albicans. As the Ag content in NPs increases, the photocatalytic
activity towards MB dye increases, which is almost 88% for 7%
Ag–ZnO NPs.

Research on doping levels and microorganisms is limited. It
mainly focuses on a single case of dye degradation. We need
more studies on different types of microbes, a broader range of
pollutants, stability, and possible cytotoxicity to fully under-
stand their biomedical and environmental uses. Future
research is focused on developing innovative approaches,
including the advancement of nanomedicine for targeted
cancer therapy and the disruption of bacterial communication,
along with the use of phytochemical-based synthesis methods.
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