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Abstract: Antimicrobial resistance poses a significant threat to global health, amplified by factors
such as water scarcity and suboptimal hygienic practices. Addressing AMR effectively necessitates a
comprehensive strategy encompassing enhanced access to potable water, developing innovative an-
tibiotics, and exploring alternative treatment modalities, such as harnessing solar photocatalysis with
zinc oxide nanoparticles for water purification and antimicrobial applications. The Laser-Assisted
Chemical Bath Synthesis (LACBS) technique facilitates the fabrication of pure ZnO nanostructures,
providing a potentially efficacious solution for mitigating pathogen proliferation and managing
wastewater. The photocatalytic degradation of MB and MO dyes was investigated using blue laser
light at 445 nm, and degradation rates were determined accordingly. Ag-doped ZnO nanostructures
were characterized through X-ray diffraction, field emission scanning electron microscopy, energy
dispersive X-ray spectroscopy, and Fourier-transform infrared spectroscopy. The antimicrobial effi-
cacy of LACBS-synthesized ZnO nanoparticles was assessed against C. albicans, S. aureus, B. subtilis,
E. coli, and K. pneumoniae using the disc diffusion method, revealing 40 mm, 37 mm, 21 mm, 27 mm,
and 45 mm inhibition zones at the highest concentration of doped-Ag (4.5%), respectively. These
inhibition zones were measured in accordance with the guidelines established by the Clinical and
Laboratory Standards Institute. X-ray diffraction patterns for ZnO, ZnOAg(1.5%), ZnO:Ag(3%), and
ZnO:Ag(4.5%) samples revealed variations in intensity and crystallinity. Scanning electron microscopy
exposed morphological disparities among the nanostructures, while energy-dispersive X-ray spec-
troscopy verified their elemental compositions. UV-Vis absorption analyses inspected the optical
band gaps, and Fourier-transform infrared spectra identified the stretching mode of metal-oxygen
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bonds. Under blue laser irradiation, Ag-doped ZnO exhibited enhanced photocatalytic activity
during the photocatalytic degradation. These nanoparticles, synthesized via the cost-effective and
straightforward LACBS method, benefit from silver doping that augments their electron-trapping
properties and photocatalytic activity, thereby enabling efficient dye degradation. Consequently,
Ag-doped ZnO nanoparticles hold promise as a potent solution for counteracting drug-resistant
microorganisms and as an effective disinfectant.

Keywords: ZnO nanoparticles; Ag-doping; photocatalysis; antimicrobial activity; LACBS; antimicrobial
resistance (AMR); zone of inhibition

1. Introduction

Antimicrobial resistance (AMR) is a complex global health threat with severe impli-
cations for medicine, humanity’s survival, and the environment [1–3]. Leading causes
include the overuse and misuse of antimicrobial agents, their use in agriculture and animal
husbandry, poor hygiene practices, natural evolution, and genetic phenomena [3–9]. AMR
increases morbidity, mortality, healthcare costs, and economic losses [1–3,10], with an
estimated annual cost of $55 billion in the United States alone and a potential global cost
exceeding a trillion dollars [11–13]. Moreover, AMR is responsible for over a million deaths
annually, which could rise to 10 million within three decades if adequate measures are not
implemented [2,14,15]. Numerous pathogens contribute to resistance-related deaths, while
other microorganisms, such as Candida albicans, Clostridium difficile, and Bacillus subtilis,
also demonstrate AMR [2,10,14,16–19]. Water scarcity, exacerbated by population growth
and economic demand, worsens AMR’s impact on flora and fauna [4,5]. Alternative water
sources like wastewater reuse and advanced oxidation processes can address water scarcity
and persistent organic pollutants, which pose a significant challenge to traditional water
treatment efforts [20–23]. Therefore, implementing strategies to prevent and control the
spread of AMR critical [13,24,25].

Addressing the complex interplay between the lack of clean water and AMR demands
a comprehensive approach rather than relying solely on reducing human antimicrobial
usage. The solution should encompass improving access to safe water, implementing
effective water treatment processes, improving antibiotic stewardship and public health
literacy, reducing antibiotic use in agriculture and animal husbandry, and promoting the
development of new antibiotics and alternative therapies [1,14,15,26–29]. Several inventive
techniques like solar photocatalysis and nanoparticle drug development have shown
potential in addressing the lack of access to clean water and AMR [29,30]. Among these
approaches, utilizing zinc oxide (ZnO) nanoparticles as antimicrobial agents and solar
photocatalysts are promising avenues [31].

Various studies have revealed that solar photocatalysis is a promising method for
eliminating organic pollutants and increasing water purity. ZnO, a versatile semiconductor,
is an attractive material for photocatalytic water treatment due to its excellent thermal,
mechanical, and optoelectronic properties [32,33]. ZnO can be synthesized in diverse
morphologies, such as nanorods, nanoparticles, and thin films. Doping ZnO with metallic
materials, such as silver, magnesium, or aluminum, can enhance its efficiency and tune its
performance within specific wavelength ranges [34]. These metallic dopants create new
energy levels in ZnO, effectively suppressing the recombination of charge carriers and thus
improving its photocatalytic activity [35].

Additionally, numerous studies have substantiated the potent antimicrobial activ-
ity of Zinc oxide nanoparticles against a broad spectrum of pathogens [36–41]. These
nanoparticles exhibit both bactericidal and bacteriostatic properties, which are thought
to be mediated by various mechanisms that arise from ZnO’s unique physicochemical
characteristics [42]. These mechanisms include the generation of reactive oxygen species
(ROS), the release of zinc ions (Zn2+), and the attachment and accumulation of nanoparticles
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on the target organism’s cell wall and inside the cell [37,40,43]. The stated actions have the
potential to lead to the eradication of targeted pathogens. Moreover, integrating dopants
can significantly amplify the antimicrobial effectiveness of Zinc oxide nanoparticles. For
instance, silver can impede cell membrane and DNA replication, copper can trigger protein
inactivation, and nickel can exhibit similar bacteriostatic properties when utilized [30].

Laser-assisted systems operating in continuous wave and pulsed modes, encom-
passing the ultraviolet to infrared range, have exhibited significant potential for treating,
designing, and fabricating functional nanomaterials [44]. This rapidly evolving field offers
straightforward, economical, and scalable methodologies coupled with high-yield pro-
duction capabilities [45]. Laser-Assisted Chemical Bath Synthesis (LACBS) technology, by
exerting precise control over chemical reactions, thermal effects, and nucleation and particle
growth phenomena during nanostructure synthesis, can generate nanostructures possess-
ing desirable characteristics such as larger surface area nanoparticles for the production of
antimicrobial agents [36,45].

LACBS is a wet chemical synthesis process that employs laser irradiation to promote the
controlled precipitation of zinc oxide (ZnO) nanostructures. This method differs from laser
ablation, a purely physical procedure involving material removal from a solid surface using a
focused laser beam. By combining the merits of both chemical bath synthesis and laser irradi-
ation, LACBS enhances the control over the resulting nanostructures’ size, morphology, and
crystallinity. This technique is based on the photothermal effect produced by a focused laser,
which generates a localized temperature field with exceptional control [46]. Consequently,
this allows for meticulous manipulation of fabrication parameters and physical properties,
thereby improving nanostructure characteristics [47]. ZnO nanostructures are cultivated via
LACBS, utilizing chemical bath synthesis and laser irradiation. Zinc salts and complexing
agents are dissolved to create a chemical bath, while laser irradiation augments the nucleation
process, forming homogeneous ZnO nuclei that develop into larger structures. In addition
to laser irradiation parameters, factors such as concentration, temperature, pH, and reaction
time modulate the nanostructure’s morphology, size, and orientation [29,46].

In recent years, there has been a surge in the scientific community’s interest in zinc
oxide, particularly in its antimicrobial and solar photocatalytic properties. This has been
demonstrated through numerous studies, which have also explored the potential of silver-
doped ZnO [31,41,48–52]. Despite the promising potential of zinc oxide, previous research
has not examined the use of LACBS in producing undoped and Ag-doped ZnO materi-
als. The LACBS technique has demonstrated exceptional promise in creating ZnO-based
materials with extraordinary antimicrobial properties in this work. This study aims to
investigate the efficacy of pure and Ag-doped ZnO nanostructures synthesized via LACBS
as potent antimicrobial and photocatalytic agents, contributing to developing efficient and
sustainable solutions for pathogen control and wastewater treatment.

2. Results and Discussion
2.1. X-ray Diffraction (XRD)

Figure 1 illustrates the X-ray diffraction (XRD) patterns for a series of samples, includ-
ing pure ZnO, ZnO:Ag(1.5%), ZnO:Ag(3%), and ZnO:Ag(4.5%). The XRD pattern for the pure
ZnO sample reveals distinct peaks corresponding to multiple lattice planes, thereby verify-
ing the hexagonal wurtzite crystal structure and suggesting the presence of a single-phase
crystalline material with preferential growth of nanostructures along the b-axis. Conversely,
the XRD patterns for the ZnO:Ag samples exhibit well-defined yet narrower peaks, indi-
cating good crystallinity with diminished intensity for characteristic ZnO peaks, implying
a reduction in ZnO crystallinity. The absence of silver oxide peaks and the improbability
of Ag+ ions substituting Zn2+ ions in the ZnO lattice—due to the significant difference
in ionic radii—suggest the formation of a crystalline Ag phase and the persistence of
Ag agglomerates on the ZnO surface. An analysis of the XRD patterns for specific ZnO-
Ag samples demonstrates that the highest intensity peak for ZnO-Ag(1.5%), ZnO:Ag(3%),
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and ZnO:Ag(4.5%) is located at the (101) lattice plane, indicating a preferential growth of
nanostructures along the b-axis as well.
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Figure 1. XRD spectra of samples (a) Pure ZnO, (b) ZnO:Ag(1.5%), (c) ZnO:Ag(3%), (d) ZnO:Ag(4.5%).

Table 1 provides a comprehensive overview of the structural parameters for undoped
and doped ZnO nanostructures generated through the LACBS method at various doping
concentrations. These parameters encompass peak position (2θ), intensity, full width at half
maximum (FWHM), lattice constants (a, b, and c), and internal strain stress (εa, εc) along
the diffraction peak (101). These parameters remain predominantly consistent as doping
concentration increases, although higher doping concentrations correspond with diminished
diffraction intensity. The strain observed in these materials arises from a combination of
intrinsic and extrinsic stresses, with the latter originating from defects and impurities.

Table 1. Lattice parameters and structure properties of pure and Ag-doped ZnO nanostructures of
the highest diffraction peak (101).

(h, k, l) 2θ, (deg) d β, (deg) D, (Å) a=b, (Å) c, (Å) c
a εa εc

Pure ZnO 101 36.16 2.47 0.78 1.87 2.87 4.97 1.73 −11.75 −4.56
ZnO:Ag(1.5%) 101 36.19 2.49 0.79 1.85 2.87 4.96 1.73 −11.82 −4.63
ZnO:Ag(3%) 101 36.20 2.49 0.86 1.70 2.86 4.96 1.73 −11.85 −4.66
ZnO:Ag(4.5%) 101 36.87 2.51 0.88 1.66 2.81 4.87 1.73 −13.39 −6.33

Employing Bragg’s equation and the Debye-Scherer formula, researchers estimated
the residual stress in undoped and doped ZnO nanostructures and computed the average
crystallite size. An increase in the growth periods of hexamethylenetetramine (HMTA) may
yield more significant grain expansion and decomposition of HMTA to OH−, thereby creat-
ing more opportunities for Zn+ and OH− ions to recombine and augment the crystalline
size of ZnO [33,53].

nλ = 2dsinθ (1)

D
(

Å
)
=

kλ

βcosθ
(2)
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Utilizing Equations (3) and (4). relating to the diffraction angle (θ) and X-ray source
wavelength (λ), the lattice constants (a, b, and c) of both doped and undoped ZnO were
ascertained. The lattice parameters (a and c) listed in Table 1 closely align with those
documented in the Joint Committee on Powder Diffraction Standards (JCPDS) card for
ZnO. To calculate the perpendicular strain (εa) of doped and undoped ZnO nanostructures
along the a-axis and the strain (εc) along the c-axis, equations incorporating the differences
between actual and standard lattice constants were employed in Equations (5) and (6).
In these equations, ao and co represent the standard lattice constants for unstrained ZnO
thin films, which were obtained from X-ray diffraction pattern data (ao = 3.2494 Å, and
co= 5.2038 Å, respectively). The standard lattice constant for unstrained ZnO thin films
appears in JCPDS card no. 01-079-0206. Moreover, the computed ZnO bond lengths
presented in Table 1 concur with the literature value of 1.9767 Å [33,54].

a(Å) = b(Å) =
λ√

3sinθ
(3)

c
(

Å
)
=
√

3a (4)

εa =
a− ao

ao
× 100% (5)

εc =
c− co

co
× 100% (6)

2.2. Scanning Electron Microscope (SEM)

In this investigation, scanning electron microscopy (SEM) was utilized to systemati-
cally analyze the morphological characteristics and dimensions of nanostructures synthe-
sized from four distinct samples: pure ZnO, ZnO:Ag(1.5%), ZnO:Ag(3%), and ZnO:Ag(4.5%).
The acquired SEM micrographs, captured at various magnifications, unveiled that the pure
ZnO nanoparticles possessed a uniform hexagonal particle structure. The introduction of
Ag doping in ZnO:Ag samples led to the formation of distinctive nanostructures, which
markedly altered the ZnO morphology. The SEM images demonstrated that both pure
ZnO and ZnO:Ag(1.5%) featured an assembly of well-aligned, high-density ZnO nanorods.
In comparison, ZnO:Ag(3%) manifested as uniformly agglomerated nanorods that were
sparsely interconnected. Conversely, ZnO:Ag(4.5%) exhibited an intricate, flower-like mor-
phology composed of hexagonal rod-like crystals radiating from the central core, signifying
the evolution of nanostructures with varying preferential axes. The most prominent peak
for nanorods was detected along the (101) direction.

Additionally, the nanoflowers displayed a non-vertical growth orientation, with pre-
dominant peaks identified as (100) and (002), substantiating the coherence of the SEM
images. In contrast to the one-dimensional (1D) architecture of nanorods, the three-
dimensional (3D) configuration of nanoflowers presented a superior surface-to-volume
ratio, offering a competitive advantage in capturing additional light and enhancing sen-
sitivity [55]. This expanded surface area is of paramount importance for photocatalytic
applications. It was observed that the total surface area of nanoparticles exhibited an in-
verse relationship with their radius, with smaller nanospheres possessing a greater surface
area than their larger counterparts. Nevertheless, nanorods featured a higher aspect ratio
and an increased surface-to-volume ratio compared to nanospheres [56]. In summary, the
synthesized nanoparticles’ morphology is governed by many factors, encompassing laser
irradiation techniques, environmental conditions, liquid media, laser beam spot size, and
target materials (Figure 2).
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(d) ZnO:Ag(4.5%) synthesized by LACBS.

2.3. Energy Dispersive X-ray Diffractive (EDX)

The nanopowders, comprising pure ZnO, ZnO:Ag(1.5%), ZnO:Ag(3%), and ZnO:Ag(4.5%),
were synthesized utilizing the LACBS method and subsequently analyzed for their compo-
sitional characteristics via EDX analysis, as depicted in Figure 3. The assessment identified
the presence of Zn, O, and Ag elements in the samples. The quantitative investigation
revealed that pure ZnO maintained a 1:1 elemental ratio of zinc and oxygen, with respec-
tive concentrations of 50.04% and 49.96%, and exhibited an absence of impurities such
as residual carbon. The Zn to oxygen ratio implied adequate oxygen vacancies within
the sample. Table 2 delineates the elemental composition of the Ag-doped ZnO sample,
which showed no additional impurities or residual peaks. These outcomes substantiate the
successful synthesis of nanopowders with precise elemental composition and high purity
using the LACBS technique.
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Table 2. EDX analysis of pure and Ag-doped ZnO nanoparticles.

Samples Pure ZnO ZnO:Ag(1.5%) ZnO:Ag(3%) ZnO:Ag(4.5%)

Elements wt% At% wt% At% wt% At% wt% At%

O 19.63 49.96 18.7 48.92 19.05 49.97 17.74 48.23
Zn 80.37 50.04 77.48 49.6 73.29 47.05 70.93 47.2
Ag 0 0 3.82 1.48 7.66 2.98 11.33 4.57

Total 100 100 100 100 100 100 100 100

2.4. UV-Vis Absorption

The optical band gaps of the synthesized samples, specifically pure ZnO, ZnO:Ag(1.5%),
ZnO:Ag(3%), and ZnO:Ag(4.5%), were scrutinized using UV-Visible absorption spectroscopy.
Figure 4a exhibits their corresponding UV-Vis absorption spectra. The absorption edge
of undoped ZnO at 384 nm resulted from electron transfer events occurring from the O2p

orbital to the Zn3d orbital. The maximum absorption peak’s shoulder originated from the
critical electron transitions in ZnO, spanning from the valence band to the conduction band.
Incorporating Al as a dopant induced a substantial redshift in the absorption edge, shifting
toward higher wavelengths and leading to a reduced band gap. Figure 4b portrays the
absorption edges of the samples. The optical band gaps of the nanostructured samples
were ascertained using the UV-visible absorption spectra and the subsequent equations:
Equations (7) and (8). Fundamental physical constants and parameters, such as Planck’s
constant (h), the speed of light (c), the maximum absorption wavelength (λ), the absorption
coefficient (α), the absorption constant (A), and a dimensionless constant (n) that varies
with the semiconductor type are all intricately connected to Equation (7), which represents
the optical band gap in the context of semiconductor materials.

Eg(eV) =
hc

λ(nm)
=

1240
λ(nm)

(7)
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2.5. Fourier-Transform Infrared Spectra (FTIR)

The stretching mode of metal-oxygen bonds characteristically yields peaks within the
400 to 600 cm−1 range. Prior investigations have established that peaks encompassing
437 to 455 cm−1 furnish valuable information pertaining to the ZnO stretching vibration
in hexagonal ZnO crystals [57]. The ZnO band is discernible at approximately 530 cm−1

in both undoped and Ag-doped ZnO nanostructures, as depicted in Figure 5. The peak
spanning 3300 to 3700 cm−1 can be attributed to the O-H stretching of hydroxyl groups or
water molecules adsorbed onto the nanoparticle surface. The lack of silver bands in the
silver-modified ZnO spectra implies an absence of chemical linkage between silver and
ZnO. The peak observed at 1500 cm−1 is associated with the bending vibrations of Zn(OH)2
as well as the stretching modes of symmetric and asymmetric C=O bonds. Furthermore,
some bands identified during nanoparticle formation may be ascribed to the absorption of
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airborne carbon dioxide and water moisture on the surface of metal cations, exhibiting a
peak at approximately 2350 cm−1 [58].
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2.6. Photocatalyst Study
2.6.1. Photocatalytic Degradation under Blue Laser Irradiation/UV–VIS Studies

Figure 6 presents a comprehensive analysis of the absorption spectra for both Methy-
lene Blue (MB) and Methylene Orange (MO) dyes prior to and following exposure to a blue
laser with a wavelength of 445 nm and a light intensity of 5.5 watts. The primary objective
of this investigation was to evaluate the removal efficacy of pure and Ag-doped ZnO
samples. Each ZnO sample exhibited remarkable photocatalytic activity when exposed
to the blue laser, leading to a consistent attenuation of the MB spectra throughout the
experiment. This observed reaction can be attributed to the generation and subsequent
transportation of additional electron pairs to the surface, consequently yielding a higher
concentration of hydroxyl radicals.

The degradation process was notably enhanced by the low band gap energy associated
with the Ag-doped ZnO catalyst. This property contributed to an increase in oxygen defects
and surface area, ultimately resulting in a more robust photocatalytic activity. Due to
their superior performance, Ag-doped ZnO nanopowders hold significant potential for
application in cost-effective and environmentally friendly pollutant remediation processes,
requiring only a brief period for implementation. Figures 7 and 8 delineates the results
of photocatalytic kinetics, which were employed to determine the dye degradation rate,
represented by a plot of ln

(
Co
C

)
as a function of time as shown in Figure 9.

Table 3 presents a comparative analysis of recently developed ZnO photocatalysts,
including both undoped and Ag-doped variants, and earlier studies focused on the oxi-
dation of organic dyes. It is crucial to underscore the superior performance of the pure
ZnO and Ag-doped ZnO photocatalysts compared to prior research outcomes. Moreover,
it is pertinent to acknowledge the scarcity of scholarly work concerning utilizing ZnO and
Ag-doped ZnO nano-photocatalysts in organic dye oxidation.

2.6.2. Photocatalyst Stability

The stability of a photocatalyst during light exposure is crucial for determining its
potential practical applications. Photocatalysis is a process that accelerates photoreactions
in the presence of a catalyst, relying on the generation of electron-hole pairs (e−-h+) that
form free radicals such as O2 and (·OH). The process entails the absorption of photons



Catalysts 2023, 13, 900 10 of 23

by a semiconductor, followed by exciton generation and separating these excitons into
electron-hole pairs.
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This study conducted four photocatalytic tests using aged photocatalysts in fresh MB
and MO solutions while maintaining a consistent overall catalyst concentration during
blue laser exposure for the optimal sample, ZnO:Ag(4.5%). The blue laser serves as the light
source, providing the energy needed to initiate photocatalysis. The chosen wavelength is
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critical, as it must align with the photocatalyst’s bandgap to ensure efficient absorption
and electron excitation. After each test cycle, the photocatalyst was centrifuged, washed
with double-distilled water, and dried at 85 ◦C, while other parameters remained constant.
This cleaning process is essential for removing potential impurities or residual dye from
the photocatalyst surface, allowing for a clean catalyst at the beginning of each cycle. The
photodegradation efficiency (PDE%) was calculated using Equation (18) to quantify the
degraded dye, as illustrated in Figure 10d. A slight decrease in photocatalytic degra-
dation was observed with repeated testing, which may be due to a minor reduction in
photocatalytic activity or changes in the catalyst surface from prolonged light exposure.
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as a catalyst.

Figure 10c illustrates the dye adsorption of MB of values after 25 min of stirring under
blue laser exposure were as follows: cycle 1 (99.67%), cycle 2 (98.12%), cycle 3 (97.63%), and
cycle 4 (96.85%) while for MO they were: cycle 1 (97.39%), cycle 2 (96.74%), cycle 3 (95.32%),
and cycle 4 (94.75%). The photocatalytic activity of the MB photocatalyst remained within
a 96.9% range after four consecutive tests, whilst the MO photocatalyst remained with the
range of 94.8%, suggesting their potential for water purification applications. The high
PDE% can be attributed to the effective charge separation and enhanced photocatalytic
performance resulting from the optimal ZnO and Ag combination.
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Table 3. Comparison between efficiencies of different catalyst systems with earlier studies.

Synthesis Methods Catalyst
Types Catalyst Amounts Dyes Light Sources % Deg kapp, (min−1) Time,

(min) Ref.

Co-precipitation ZnO:Ag(0%) 25 mg/10 mg/L MB (20 ppm) Visible light 93 - 80 [59]
Hydrothermal ZnO:Ag(0.05–0.5%) 50 mg/50 ml MB (10 ppm) Sunlight 92.9 - 210 [60]

Co-precipitation Ag-ZnO(0–6%) 5 mg/50 ml MB (10 ppm) Visible light 98 - 120 [61]
LACBS ZnO:Ag(0%) 10 mg/50 mL MB (20 ppm) Blue 85.22 0.00934 60 This work
LACBS ZnO:Ag(1.5%) 10 mg/50 mL MB (20 ppm) Blue 85.98 0.02088 60 This work
LACBS ZnO:Ag(3%) 10 mg/50 mL MB (20 ppm) Blue 98.71 0.02878 60 This work
LACBS ZnO:Ag(4.5%) 10 mg/50 mL MB (20 ppm) Blue 99.54 0.06085 60 This work

Green combustion method ZnO:Ag(5%) - MO (20 ppm) Visible light 94 - 80 [62]
LACBS ZnO:Ag(0%) 10 mg/50 mL MO (20 ppm) Blue 43.38 0.0164 60 This work
LACBS ZnO:Ag(1.5%) 10 mg/50 mL MO (20 ppm) Blue 73.53 0.02819 60 This work
LACBS ZnO:Ag(3%) 10 mg/50 mL MO (20 ppm) Blue 84.56 0.03782 60 This work
LACBS ZnO:Ag(4.5%) 10 mg/50 mL MO (20 ppm) Blue 97.43 0.05968 60 This work

The XRD pattern of the catalyst sample ZnO:Ag(4.5%) after four cycles, displayed
in Figure 10a, reveals phase stability, suggesting that the photocatalyst’s chemical struc-
ture and composition were minimally affected during the degradation process. This
observation is crucial, implying that the material can maintain its crystal structure and
photocatalytic properties despite repeated use. The findings show that the synthesized
sample represents a stable and reusable photocatalytic material for removing MB dye from
water. This stability is particularly vital in large-scale applications, where long-term perfor-
mance and recyclability are key factors in determining the viability of a photocatalyst for
water purification.

Figure 10b showcases SEM imaging of the ZnO:Ag(4.5%) photocatalyst sample, pro-
viding valuable insights into the material’s morphology, particle size distribution, and
surface characteristics concerning its stability. A detailed examination of the SEM images
reveals a uniform and well-distributed nanostructure, which is crucial for maintaining
the photocatalyst’s stability over multiple cycles of the photodegradation process. The
consistent microstructure, as evidenced by the SEM analysis, ensures the durability of
the photocatalyst and its resistance to structural deterioration during extended light ex-
posure. Moreover, the presence of Ag nanoparticles on the surface of ZnO can facilitate
effective charge separation, reducing the recombination of electron-hole pairs and poten-
tially improving the material’s long-term stability. This is due to the reduced likelihood of
undesired side reactions or structural changes that could compromise the photocatalyst’s
performance over time. The SEM imaging, therefore, not only confirms the successful
synthesis of the ZnO:Ag(4.5%) composite material but also provides supporting evidence for
its stability as a photocatalyst. This stability is essential for large-scale water purification
applications, where the photocatalyst’s long-term performance and recyclability are key
factors in determining its viability.
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2.6.3. The Mechanism of Photocatalyst

Figure 11 provides a schematic representation of the heterogeneous photocatalysis
mechanism, a topic that has been the subject of extensive research due to its promising
potential in addressing environmental pollution. The mechanism encompasses several crit-
ical steps, including the generation of photoinduced electron-hole pairs, their subsequent
transfer across the semiconductor interface, and their interaction with adsorbed species [63].
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Wide bandgap semiconductors, such as ZnO, have been the focus of numerous studies in
this area, as they exhibit superior photocatalytic performance characterized by efficient
electron-hole separation and high redox potentials. Despite these favorable attributes, the
practical implementation of photocatalytic technology necessitates the development of
advanced photocatalytic materials that demonstrate enhanced performance and stability
under a wide range of environmental conditions.
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To address this challenge, noble metal-doped semiconductor nanoparticles have
emerged as a promising strategy for augmenting photocatalytic activity. These mate-
rials have shown considerable potential by promoting charge transfer across the interface
and facilitating the separation of photo-generated electrons and holes [64]. In particular,
Ag-doped ZnO photocatalysts have attracted significant attention due to their exceptional
photocatalytic performance and stability under various conditions.

Incorporating Ag into ZnO nanoparticles results in a local variation in the Fermi
level, generating a potential energy gradient between the ZnO and Ag nanoparticles. This
energy gradient enables the transfer of photo-generated electrons from the ZnO to the Ag
nanoparticles [65,66]. Consequently, the electrons accumulate within the Ag nanoparticles,
promoting the separation of photo-generated electrons and holes and ultimately leading
to heightened photocatalytic efficiency. Moreover, the high electron storage capacity of
Ag nanoparticles—attributable to their low work function and Fermi level—facilitates the
transfer of electrons to adsorbed species, thereby contributing to the efficient degradation
of pollutants [67,68].

ZnO + hν→ ZnO
(
e−CB + h+VB

)
(9)

H2O + h+VB → OH− + H+ (10)

e−CB + O2 → ·O−2 (11)

·O−2 + H+ → H2O2 (12)

HO2 + H+ + ·O−2 → H2O2 + O2 (13)

H2O2 + e−CB → OH− + ·OH (14)

h+VB + OH− → ·OH (15)

OH− + ·O−2 + Dye→ Degradation Products (16)
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2.7. Antimicrobial Activity of ZnO-NPs

The capacity to inhibit or eradicate microbial growth is a critical aspect of antimicrobial
activity. Among various metal oxides, pure ZnO and Ag-doped ZnO have been identified as
possessing exceptional antimicrobial properties against a diverse range of pathogens [31,69].
Notably, ZnO is particularly well-suited for antimicrobial applications due to its remarkable
stability under harsh processing conditions and its relatively low toxicity levels [42,69].

2.7.1. ZOI of the Various Microorganisms

A thorough evaluation of the antimicrobial efficacy of ZnO-NPs synthesized using
the LACBS method was conducted against five distinct microorganisms employing the
ZOI technique. The results of this comprehensive analysis are presented in Table 4. The
microorganisms subjected to testing included Gram-positive bacteria such as Staphylococ-
cus aureus and Bacillus subtilis, Gram-negative bacteria like Escherichia coli and Klebsiella
pneumoniae, as well as the yeast Candida albicans. To establish a baseline for comparison,
positive control antibiotics gentamicin and nystatin were utilized for bacterial and fungal
strains, respectively. In addition, negative controls consisting of ethanol and water were
incorporated, which, as anticipated, produced no ZOI. The inhibitory effects of the LACBS-
fabricated zinc oxide nanoparticles were quantified by measuring the ZOI in millimeters
and subsequently comparing these findings to the results obtained with antibiotics.

Table 4. ZOI of Pure ZnO, ZnO-Ag(1.5%), ZnO-Ag(3%), and ZnO-Ag(4.5%).

Pathogens Antibiotics a A b Pure ZnO ZnO-Ag(1.5%) ZnO-Ag(3%) ZnO-Ag(4.5%)

E. coli G 23 22 25 26 27
S. aureus G 28 26 32 48 37

Bacillus subtilis G 21 14 15 20 21
K. pneumonia G 30 35 34 40 45

C. albicans NY 16 32 35 30 40
a G = Gentamicin NY = Nystatin. All values are in mm and indicate ZOI, b ZOI of the positive control.

ZnO:Ag(4.5%) demonstrated the most pronounced average zones of inhibition, with
K. pneumoniae exhibiting the highest degree of inhibition at 45 mm, followed by C. albicans
(40 mm), S. aureus (37 mm), E. coli (27 mm), and B. subtilis (21 mm). The second and third
largest average inhibition zones were observed in the cases of ZnO:Ag(1.5%) and ZnO:Ag(3%),
respectively. Conversely, pure ZnO revealed the least expansive average inhibition zones.
Notably, K. pneumoniae (35 mm) and C. albicans (32 mm) presented larger inhibition zones
compared to those generated by conventional antibiotics. In contrast, S. aureus (26 mm),
E. coli (22 mm), and B. subtilis (14 mm) displayed no substantial inhibition when juxtaposed
with the ZOI attributed to gentamicin (Table 4, Figure 12).

2.7.2. Comparison between Our Findings and Prior Investigations

These results corroborate earlier research, which has established the antimicrobial effi-
cacy of zinc oxide against a diverse range of pathogens. Notably, the LACB-synthesized zinc
oxide displayed a substantially enhanced zone of inhibition (ZOI) against these pathogens,
underscoring its considerable potential as a formidable contender for forthcoming antimi-
crobial applications (Table 5).

2.7.3. The Antimicrobial Mechanisms of Zinc Oxide Nanoparticles

ZnO-NPs demonstrate a variety of antimicrobial pathways, as illustrated in Figure 13.
The proposed mechanisms encompass the generation of reactive oxygen species (ROS), in-
cluding superoxide anion (O2

−), hydroxyl radicals (OH−), and hydrogen peroxide (H2O2).
These ROS induce oxidative stress, damaging vital cellular components such as DNA
and lipids, ultimately culminating in cellular demise. Concurrently, silver nanoparticles
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(Ag-NPs) exhibit antimicrobial properties, engaging with bacterial cells through an array
of mechanisms.
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Table 5. Comparison of ZOI across multiple studies.

Pathogens Materials ZOI (mm) Ref.

E. coli
ZnO-Ag(4.5%) 27 This study
Ag-ZnO-NPs 21 [41]
ZnO-Ag(5%) R a [70]

S. aureus
ZnO-Ag(4.5%) 37 This study
Ag-ZnO-NPs 19 [41]
ZnO-Ag(5%) 14 [70]

Bacillus subtilis
ZnO-Ag(4.5%) 21 This study

RGO-ZnO 28.8 [71]

K. pneumonia
ZnO-Ag(4.5%) 45 This study

Cu-doped ZnO-NP 17 [72]
Al-doped ZnO 10 [73]

C. albicans
ZnO-Ag(4.5%) 40 This study

Pure ZnO 7.66 [38]
a Resistant.

ZnO-NPs and Ag-NPs produce ROS, which instigate oxidative stress in microorgan-
isms and disrupt crucial cellular functions [74]. The release of silver ions (Ag+) from Ag-NPs
interacts with bacterial cell membranes, consequently augmenting membrane permeability
and facilitating the leakage of intracellular contents [75]. This interaction not only distorts
the plasma membrane structure but also interferes with metabolic functions, leading to the
leakage of intracellular contents, akin to the effects observed in ZnO-NPs [43,76]. Addi-
tionally, Ag+ ions possess the ability to bind to bacterial proteins and enzymes, thereby
inhibiting their activity and perturbing essential metabolic processes [77], an outcome
reminiscent of the impact of Zn2+ ions released from ZnO-NPs. Moreover, silver ions
have been implicated in disrupting bacterial DNA replication, hindering cell division, and
inhibiting bacterial growth [78].
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3. Materials and Methods
3.1. Starting Materials and Microbial Strain Culture Preparation

High-purity analytical-grade reagents, including zinc acetate dihydrate [Zn(CH3COO)2(H2O)2
(≥99.99%)] and hexamethylenetetramine [C6H12N4 (99.9%)], were procured from Sigma
Aldrich, St. Louis, MO, USA and utilized without additional refinement. Silver ni-
trate (AgNO3) was supplied also by Sigma Aldrich, St. Louis, MO, USA, while MB
[C16H18CIN3S] and MO [C14H14N3NaO3S] were acquired from Merck, United States.
Deionized water served as the deposition solvent for precursor solutions. Sabouraud Dex-
trose Broth, Mueller-Hinton Broth, and a variety of microbial strains, including Escherichia
coli (WDCM 00013), Klebsiella pneumoniae (WDCM 00097), Candida albicans (WDCM 00054),
Bacillus subtilis (WDCM 00003), and Staphylococcus aureus (ATCC 25923), were sourced from
Sigma Aldrich St. Louis, MO, USA and Liofilchem, Via Scozia, TE, Italy. The microorgan-
isms were preserved at −20 ◦C and subsequently cultured in Mueller-Hinton Broth prior
to experimentation. Sterile filter paper discs (6 mm diameter) were obtained from Himedia
Jaitala Nagpur, India, while disposable sterilized Petri dishes with Mueller-Hinton II agar,
McFarland standard sets, gentamicin 30 µg/disc (Ref. # 9125), and nystatin 100 IU/disc
(Ref. # 9078) were supplied by Liofilchem, Via Scozia, TE, Italy.

3.2. Catalyst Preparation

To achieve a 0.2 M concentration, three distinct solutions were prepared in volumetric
flasks. Solution A consisted of 2.195 g of hexamethylenetetramine (C6H12N4) dissolved in
50 mL of deionized water. Solution B was formulated by dissolving 1.401 g of zinc acetate
(ZnC4H6O4) in 50 mL of deionized water, and Solution C was generated by dissolving
1.698 g of silver nitrate (AgNO3) in 50 mL of deionized water. All solutions were subse-
quently stirred vigorously and sonicated to ensure complete dissolution and homogeneity.

3.3. Synthesis of Pure and Silver-Doped Zinc Oxide Nanostructures via the LACBS Method

The LACBS method was employed to fabricate both pure ZnO nanopowder and
Ag-doped ZnO nanostructures. For the synthesis of pure ZnO nanopowder, precursor
solutions A and B were separately prepared by dissolving them through magnetic stirring
for 20 min at room temperature. Following this, solution B was incrementally introduced
to solution A while maintaining continuous stirring for an additional 25 min at room
temperature, ensuring a homogenous mixture. During the synthesis process, a continuous-
wave semiconductor blue laser (λ = 445 nm and P = 5.5 W) was directed vertically onto
the combined solution, which was concurrently subjected to magnetic swirling for two
hours at 65 ◦C to foster uniform growth of nanostructures. The resultant precipitate was
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subsequently filtered and rinsed quadruple times using ethanol and distilled water. The
ZnO nanostructures were then dried at 105 ◦C for 60 min and annealed at 420 ◦C for 4 h to
eliminate residual organic materials.

In the case of Ag-doped ZnO nanostructures synthesis, solutions A, B, and C were
prepared independently through magnetic stirring at room temperature for 20 min. Dis-
tinct concentrations of Ag-doped ZnO were synthesized by incorporating an appropri-
ate quantity of silver nitrate (AgNO3) while employing the aforementioned method.
Figure 14 comprehensively depicts the synthesis process for both pure and Ag-doped
ZnO nanostructures.
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3.4. Photocatalytic Study

To meticulously investigate the photocatalytic degradation of MB and MO dyes while
circumventing any potential interference from thermal catalysis, a series of experiments
were conducted under carefully controlled conditions at room temperature. A blue laser
light source with a wavelength of 445 nm was employed to ensure optimal photocatalytic
activity. A solution with a concentration of 20 ppm MB was treated with 10 mg of the
synthesized catalysts and stirred continuously. The mixture was subsequently agitated
in the absence of light for a duration of 15 min, which facilitated the establishment of an
adsorption-desorption equilibrium. The mixture was then exposed to blue laser irradiation,
and 5 mL aliquots of the solution were extracted at 10-min intervals for further analysis.
An identical procedure was implemented for the MO dye.

The extracted samples were then examined thoroughly using a UV/Vis spectropho-
tometer, which revealed maximum absorption values of 656.4 nm for MB and 461.2 nm
for MO. Employing Equations (17) and (18) as previously reported in the literature [58,59],
the degree of dye degradation, apparent degradation rate (kapp), and photodegradation
efficiency (PDE%) were systematically calculated. Co and C denote the MB concentration
at the initial time and at a specific time t post-irradiation, respectively. A comprehen-
sive schematic diagram illustrating the methodological approach of the photocatalytic
investigation is presented in Figure 15.

ln
Co

C
= kappt (17)

PDE% =

(
1− C

Co

)
× 100% (18)
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3.5. Characterization and Evaluation of Antimicrobial Efficacy of Zinc Oxide Nanostructures

A comprehensive analysis was conducted to investigate the crystalline nature of
pure and Ag-doped ZnO nanostructures using an XRD for precise phase and structure
identification. A field emission scanning electron microscope (FE-SEM, JEOL-JSM-7600F)
equipped with EDX was employed to thoroughly examine the surface morphology and
elemental composition of the prepared nanostructures. The optical absorbance of the
materials was meticulously assessed using a UV-Visible spectrometer model P.E. Lambda
750S, and the optical absorption spectra of the samples were corroborated using a UV-Vis
spectrum analyzer. FTIR was utilized to provide an in-depth analysis of the chemical
composition of the molecules. The study extensively explored the impact of LACBS-
synthesized ZnO on the growth of one fungal strain (C. albicans) and four bacterial strains,
encompassing two Gram-positive strains (S. aureus and B. subtilis) and two Gram-negative
strains (E. coli and K. pneumonia). The disc diffusion method was employed to accurately
determine the ZOI, using gentamicin as a positive control for all bacterial strains and
nystatin for the fungal strain, C. albicans. Negative controls, such as the solvent (water),
were excluded from the study due to their lack of inhibition zones.

3.6. Disc Diffusion Method and Zone of Inhibition (ZOI)

The current study aimed to rigorously assess the antimicrobial properties of zinc
oxide synthesized using LACBS, following the Clinical and Laboratory Standards Institute
guidelines [79]. The bacteria were cultured in Mueller Hinton Broth at 37 ◦C for a minimum
of 4 h, while C. albicans was cultured in Sabouraud Dextrose broth at 30 ◦C. Sterile cotton
swabs were employed to uniformly distribute 100 µL of the microbial culture onto sterile
Petri dishes containing Mueller Hinton Agar, which were subsequently allowed to dry
for 10 min. Nystatin and gentamicin antibiotic discs functioned as controls. Filter paper
discs impregnated with nanocolloids containing 1 mL of each powder were immersed
under ambient conditions and left to dry for 24 h. The diameter of the unobstructed ZOI
surrounding the disc was meticulously measured to the nearest millimeter using a ruler. A
ZOI of zero indicated resistance to the treatment, while the presence of an inhibition zone
suggested susceptibility.

4. Conclusions

Recent studies have been increasingly focused on discovering alternative antimicrobial
treatments due to the rapid emergence of drug-resistant microorganisms. A particularly
promising solution is the utilization of Ag-doped ZnO nanoparticles, which exhibit remark-
able antimicrobial efficacy against a wide range of pathogens. These nanoparticles have
been synthesized employing an innovative, cost-effective, and straightforward technique
known as LACBS, which facilitates the production of both pure and Ag-doped ZnO nanos-
tructures. The influence of Ag doping concentration has been thoroughly examined on the
material’s structural, optical, and antimicrobial properties by utilizing an array of analytical
methods, including XRD, SEM, EDS, UV-Vis, FTIR, and ZOI tests. In addition to their po-
tent antimicrobial properties, these ZnO photocatalytic materials demonstrate exceptional
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performance in degrading MB and MO. The incorporation of Ag plays a crucial role in
expediting interfacial charge transfer processes, thereby augmenting the photocatalytic ac-
tivity of these materials. This observation emphasizes the substantial contribution of silver
to the electron-trapping capabilities of Ag-doped ZnO submicron structures. Moreover,
the development of a visible-light-responsive photocatalyst presents a promising avenue
for expanding the range of applications for these materials. In summary, this research
underscores the potential of Ag-doped ZnO nanoparticles synthesized using the LACBS
method as an effective, broad-spectrum microbicidal and disinfectant solution to counteract
drug-resistant microbial threats.
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