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ABSTRACT

The sol-gel technique was used to produce zinc oxide nanoparticles (ZnO NPs) from zinc nitrate in distilled water. With an
average particle size of 21 nm, ZnO NPs form a wurtzite hexagonal shape. Four hours of 500°C heat purified hanopowder and
decreased preparation pollutants. Structure and morphology were characterized by XRD, SEM, and EDS. Nanoparticle studies

revealed crystalline structure and homogenous dispersion.

ZnO nanoparticles were examined for antibacterial activity against Gram-negative (Escherichia coli, Pseudomonas aeruginosa,
and Klebsiella pneumoniae) and Gram-positive (Staphylococcus aureus) pathogens using conventional agar diffusion. Large
zones of inhibition showed ZnO NPs' antibacterial capabilities. ZnO NPs disrupt bacterial cell membranes with ROS, making
them antibacterial. This shows that calcination temperature and precursor selection improve ZnO nanoparticle shape and
antibacterial activity. The findings suggest sol-gel-synthesized ZnO NPs might be employed in antibacterial coatings and water
purification systems. Research on doping and functional modifications may increase multifunctional ZnO nanoparticle

performance.
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INTRODUCTION

Zinc oxide (ZnO) has been a scientifically and technologically essential substance for a decade due to its flexibility and wide
range of applications [1, 2]. ZnO is semiconducting, pyroelectric, piezoelectric, optoelectronic, and catalytic [3-5]. It is suitable
for biosensors, light-emitting diodes, field-effect transistors, spintronic ferromagnetic materials, solar cells, photocatalysis,
antibacterial compounds, and antioxidants [6-13]. The wide bandgap of 3.37 eV and high exciton binding energy of 60 meV

make ZnO useful in many applications [14].

Nanoscale ZnO is popular because it performs better than bulk ZnO [15]. ZnO nanoparticles (NPs) are perfect for rubber
manufacture, electrophotography, photoprinting, capacitors, protective coatings, antimicrobial agents, and conductive thin films
for LCDs and blue laser diodes owing to their increased features [16] ZnO NPs' antimicrobial and antioxidant properties benefit
medicine, cosmetics, and food [17]. ZnO nanoparticles fight several bacterial and fungal infections, making them beneficial in

agriculture, food safety, and the environment [18].
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ZnO nanoparticles are made using sol-gel, anodization, co-precipitation, ultrasound-assisted, CVD, and mechanochemical-thermal
synthesis [19]. Sol-gel nanoparticles have smaller diameters, larger specific surface areas, and greater purity than other
approaches, making them appealing. High-quality ZnO nanoparticle production uses this method to manage phase composition,

shape, and thermal stability [20].

Researchers have refined ZnO nanoparticle manufacturing parameters in recent years to increase their performance in many
applications [21]. In particular, sol-gel creates ZnO nanoparticles with suitable structural and functional properties. Zinc nitrate
and zinc acetate hydrolyze and condense with solvents and stabilizing agents. ZnO nanoparticles crystallize from gel after thermal

treatment eliminates organic impurities [22].

XRD, SEM, and EDS examine ZnO nanoparticle phase composition, purity, thermal stability, and surface form. XRD shows
crystalline structure and average grain size, whereas SEM and EDS provide nanoparticle form and elemental composition.
Sol-gel zinc oxide nanoparticles show potential in photocatalysis, optoelectronics, and biomedicine. They destroy Gram-positive
and Gram-negative bacteria, according to extensive research. ZnO nanoparticles are an interesting antibacterial option, especially

as resistance grows.

Rapid antibiotic-resistant bacteria proliferation threatens global health, increasing mortality and healthcare costs. New antibiotics
are needed to treat Staphylococcus aureus, Klebsiella pneumoniae, and Escherichia coli, which are becoming resistant. Zinc oxide
nanoparticles (ZnO NPs) may be effective antimicrobials due to their wide bandgap, high binding energy, and ROS production.
Synthesis optimization for purity, homogeneous particle size, and antibacterial action is challenging. Lack of understanding of
how synthesis parameters like calcination temperature and precursor selection impact ZnO NPs' antibacterial activity restricts

their usage in medicine and industry. To treat antibiotic-resistant bacteria using ZnO NPs, several concerns must be solved.

This study uses sol-gel to generate high-purity zinc oxide nanoparticles (ZnO NPs) and examine their structural, optical, and
antibacterial properties. To optimize synthesis, the study alternates calcination temperatures for uniform particle size, thermal
stability, and high crystallinity. To study nanoparticle structure and morphology, XRD, SEM, and EDS will be employed. ZnO
NPs will be evaluated against Staphylococcus aureus, Klebsiella pneumoniae, and E. coli. This study will evaluate the best
synthesis parameters and antibacterial efficacy of ZnO NPs as an alternative antibiotic for medical, agricultural, and

environmental uses.

This study produced zinc oxide (ZnO) nanoparticles using the sol-gel method, which is recognized for its cleanliness,
homogeneity, and controllability. Calcination temperature influenced ZnO nanoparticle structure, morphology, and antibacterial
properties. XRD, SEM, and EDS characterized the nanoparticles' phase composition, crystallite size, and surface form.
Antibacterial efficiency of ZnO nanoparticles against Gram-positive and Gram-negative pathogens such as Staphylococcus
aureus, Klebsiella pneumoniae, and E. coli was also investigated. This study reveals that ZnO nanoparticle antibacterial efficacy
depends on synthesis circumstances. The findings enhance ZnO's medicinal, agricultural, and environmental benefits and provide

potential antimicrobial resistance therapies.

EXPERIMENTAL WORK

Sol-gel synthesis of zinc oxide nanoparticles (ZnO NPs) began with zinc nitrate. To establish homogeneity, 11.6303 g zinc nitrate
was dissolved in 100 ml distilled water and agitated at 70°C for three hours. The precursor solution was calcined at 300°C, 400°C,
and 500°C for four hours. Each temperature setting produced 5 g of ZnO nanopowder from calcined samples. As shown in Fig. 1,

500°C calcination removed organic residues and impurities, creating a pure crystalline phase.
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XRD, SEM, and EDS were used to characterize ZnO nanoparticles' structural and morphological features. ZnO's wurtzite
hexagonal structure with a 21 nm average crystallite size was found by XRD. SEM pictures revealed homogenous nanoparticles,

whereas EDS validated elemental composition.

ZnO NPs were tested for Gram-negative (Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae) and Gram-
positive (Staphylococcus aureus) antibacterial activity using agar well diffusion. Nanoparticles showed significant inhibitory
zones, indicating their antibacterial activity. ZnO NPs may be used in biomedical and environmental domains due to their ability

to generate reactive oxygen species (ROS) and break bacterial cell membranes.

Zn(NO3), Stirring Drying at Calcinati Zno
) ! —) — alcination | g
Distilled \J?rVater H,0 100°C at 600°C powder

Fig. 1. Sol gel ZnO-NPs production schematic

RESULTS AND DISCUSSION

XRD

XRD confirmed the hexagonal wurtzite structure of ZnO nanoparticles, similar to JCPDS card 36-1451. Significant diffraction
peaks at 20 values of 32.21°, 34.632°, 36.121°, 48.334°, and 57.446° correspond to the crystallographic planes (100), (002), (101),
(102), and (110) [23]. Sharp peaks imply high crystallinity of produced ZnO nanoparticles. To assess physical characteristics,

crystallite size, lattice parameters, unit cell volume, microstrain, and dislocation density were computed.

Scherrer's equation computed crystallite size (D) [24]:

_ K
- BcosO

)

where K = shape factor (0.9), A = X-ray wavelength (1.5406 A), B = FWHM in radians, and 6 = Bragg angle. The ZnO sample
showed a computed average crystallite size of 28.91 nm, indicating its nanoscale nature. The tiny crystallite size increases surface

area, which is important for photocatalysis and antibacterial action.

For a hexagonal system, Bragg's rule and the following equation determined lattice parameters a, b, and ¢ [25].

dz 3

1 4 (h?+hk+k? 12
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where h, k, and 1 are Miller indices and d is interplanar spacing. The estimated lattice parameters were a=b=3.249 A and ¢=2.885

A. These results match ZnO standard values, confirming the hexagonal wurtzite phase synthesis without lattice distortion.

Unit cell volume (V) was estimated using the hexagonal structure formula [26].
V ="a%c ®3)

The calculated unit cell capacity was 47.83 A . This number matches ZnO nanoparticle volume, verifying the produced material's

dependability.
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To compute microstrain (g), which represents lattice distortions, use the relation [27].

_ B
&= 4tan6 (4)

The average microstrain for ZnO nanoparticles was 1.20x10>. Low microstrain indicates minimum lattice distortions, which

helps nanoparticle structural stability. A defect density metric, dislocation density (), was calculated using the equation [28].
§== (5)

The estimated dislocation density was 1.54x10° nm 2 This low number indicates the nanoparticles' strong crystallinity, which is

necessary for optoelectronics and antibacterial treatments.

The structural study shows that ZnO nanoparticles have good crystallinity, nanoscale size, and few flaws, making them
appropriate for many applications. The high crystallinity optimizes optoelectronic device performance, while the tiny crystallite
size and large surface area facilitate bacterial cell contact and antimicrobial activity. These results demonstrate ZnO nanoparticles'
adaptability and usefulness as multifunctional nanotechnology materials [29].
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Fig. 2. Sol gel-synthesized ZnO-NPs XRD pattern
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Table 1. XRD parameters of ZnO-NPs synthesis by the sol gel method

Sample | 20 (o) (hk1) B (0) d-Spacing (A) | Dae(nm) | V(A% | Micro strain(g) | Dislocation density (5) (nm)?
3221 (100) 0.3782 2.776 218.64 1.35x107 1.87 x 107
34632 | (002) 0.4135 2.589 201.24 148 x 107 221x1073
ZnO 36.121 | (101) 0.4128 2482 202.42 47.83 147 x 107 2201073
48334 | (102) 0.2342 1.881 37180 0.83 x 107 0.69 x 107
57446 | (110) 0.2444 1.604 370.66 0.87 x 107 0.74 x 107
Average 212.35 1.20x 107 1.54x 103

The Williamson-Hall method is represented by the equation [30]:

KA .
B-cos(B) = -+ 4 - ¢-sin(0) (6)
where P is the broadening of the peak, D is the crystallite size, € is the microstrain, A is the wavelength, and 8 is the Bragg angle.

ZnO nanoparticle crystallite size was determined using the Scherrer equation and the Williamson-Hall (W-H) technique. The
Scherrer equation gives an average crystallite size of 212.35 nm. This is a typical nanoparticle X-ray diffraction peak broadening
estimate. The Williamson-Hall technique yielded a -318.81 nm crystallite size using a linear regression of Bxcos(0) vs. 4xsin(0)
with a slope of -0.00435. However, the negative value signals data issues, either owing to experimental or instrumental variables
like excessive instrumental broadening or non-ideal data behavior. In circumstances with atypical data behavior, the Williamson-
Hall approach is limited. Since the W-H approach did not provide physically significant findings, the Scherrer equation gives a

more accurate crystallite size estimate in this investigation.
FTIR

The sol-gel-synthesized ZnO nanoparticles' FTIR spectrum reveals the material's functional groups and chemical bonds, which
affect its structural and antibacterial capabilities. O-H stretching vibrations of hydroxyl groups provide a large peak at 3448.72
cm™!, suggesting surface-adsorbed water or leftover hydroxyl groups from synthesis. ZnO nanoparticles' surface reactivity
depends on these hydroxyl groups, which generate reactive oxygen species (ROS) that boost antibacterial activity. Peaks at
2924.09 cm™ and 2852.72 em™ indicate asymmetric and symmetric C-H bond stretching vibrations, indicating organic residues
from sol-gel precursors. This suggests insufficient organic material removal during calcination, which might be enhanced in future

research [31].

The peak at 2360.87 cm™ is attributed to the vibrational modes of CO: molecules adsorbing on the nanoparticle surface, a
frequent phenomenon owing to ambient CO: interaction. The signal at 1741.72 cm™ is believed to be the stretching vibration of
carbonyl (C=0) groups from leftover chemical intermediates during the sol-gel synthesis. The signal at 1627.93 cm™!, ascribed to

O-H bending vibrations, confirms water molecule adsorption on ZnO nanoparticles.

This surface water helps nanoparticles interact with microorganisms. An further signal at 1458.18 cm™, linked to C-H bending
vibrations, confirms organic remains. Lastly, the peak at 875.68 cm™ reflects Zn-O stretching vibrations, a unique ZnO structural
fingerprint. This proves crystalline ZnO nanoparticles were formed. These functional groups indicate that nanoparticles have a
highly reactive surface, making them antimicrobial. Optimizing the calcination procedure might minimize organic residues and

increase nanoparticle purity, increasing their performance in diverse applications (Fig. 3 and Table 2).
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Fig. 3. The sol-gel technique produces ZnO NPs with an FTIR spectrum

Table 2. Sol-gel-synthesized ZnO nanoparticle FTIR data

Wavenumber (cm™) Functional Group/Mode Assignment

Interpretation

Hydroxyl groups (adsorbed water or
3448.72 O-H Stretchin
d residual hydroxyls)

Indicates surface reactivity and
potential for ROS generation,

enhancing antibacterial activity.

2924.09 C-H Asymmetric Stretching Organic residues from precursors

Suggests incomplete removal of
organic material during

calcination.

2852.72 C-H Symmetric Stretching Organic residues from precursors

Confirms presence of organic
material, indicating optimization

in synthesis is required.

Vibrations of adsorbed carbon dioxide
2360.87 CO: Adsorption
molecules

Represents interaction of ZnO
nanoparticles with atmospheric
CO..

1741.72 C=0 Stretching Carbonyl group vibrations

Likely due to residual organic
intermediates from the sol-gel

process.

1627.93 O-H Bending Adsorbed water molecules

Confirms the presence of
surface water, enhancing

interaction with bacterial cells.

1458.18 C-H Bending Organic residue vibrations

Suggests the presence of
carbon-based compounds,

linked to incomplete calcination.

875.68 Zn-O Stretching Vibrations of Zn-O bond

Confirms the successful
formation of ZnO nanoparticles
with characteristic crystalline
structure.
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UV CURVE

As illustrated in Fig. 4, ZnO nanopowder's 350 nm absorption peak is its bandgap, demonstrating semiconductivity. Zinc oxide
(Zn0) has a broad bandgap of 3.37 eV, as seen by this absorption peak energy [32]. The material's 350 nm absorption peak
indicates significant UV absorption, typical of ZnO. Electrons moving from the valence band to the conduction band need energy
greater than the bandgap, causing this absorption. Due to its UV absorption peak, ZnO nanoparticles are promising for

optoelectronics and UV-based devices.

The computed energy gap (Eg) of 3.37 eV for ZnO matches bulk ZnO characteristics. Particle size and synthesis procedure affect
ZnO's optical properties, narrowing or widening the bandgap. The energy gap of 3.37 eV suggests well-formed ZnO nanoparticles
that retain their optical properties, which are necessary for photocatalytic and antibacterial activities. ZnO's bandgap implies it
might be employed for photocatalysis, such as breaking down organic pollutants under UV light and emitting and detecting UV
light. Nanoparticle electrical properties and stability are affected by the energy gap, making them valuable in sensors, solar cells,

and photocatalytic devices.
In ZnO nanopowder, the absorption peak is 350 nm. Value substitution:

_ (6.626 X 10 — 34]\s)(3.0 x 108 m/s)
B 350 x 10 — 9m

Eg

Simplifying the equation:

o _ (1987810 - 25)
8T T 350x10-9

J =5.68 x 10719

To convert joules to electron volts (eV), we use the relation:1eV = 1.602 x 10719]
So:

5.68 x 1071°

Eg = m eV = 3.37eV

To determine photon energy E in electron volts (eV) from wavelength A, use the following equation:

_ 1240
E=2 ©)

The equation uses A (nm) as the wavelength and 1240 as the constant calculated from Planck’s constant and light speed. This

equation calculates photon energy based on wavelength, which helps explain the material's optical absorption.

Next, calculate the absorption coefficient a using the method [33]:

_ 2.303xA

d (7)

where A is material absorbance and d is sample thickness, usually 1 cm. The absorption coefficient shows how much light the

material absorbs at a particular wavelength by relating its optical qualities to photon energy.
Final analysis uses the Tauc relation to determine the material's optical bandgap. Equation follows [34]:

(ahv)" = B(hv — Eg) ©))
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For this equation, a represents absorption coefficient, hv represents photon energy, Eg represents optical bandgap, and B is a
constant. Electronic transition exponents vary (n=1/2 for direct and n=2 for indirect). Plotting (ahv)n against hv reveals the optical

bandgap Eg from the x-intercept of the linear area (refer to Fig. 4 inset).
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Fig. 4. Absorptance and Energy Gap of ZnO Nanopowder

The absorption peak at 350 nm corresponds to the energy required for electrons in the valence band of ZnO to be excited to the
conduction band. This energy is equal to the energy gap of the material, and for ZnO, it is found to be 3.37 eV, which falls within

the UV range. This energy gap is characteristic of semiconductors, particularly those with wide bandgaps such as ZnO.

The energy gap of ZnO nanoparticles can sometimes be larger than the bulk material due to quantum confinement effects. These
effects arise because the smaller size of nanoparticles leads to a higher density of states and affects the electronic properties,
including the bandgap. However, in this case, the value of 3.37 eV is consistent with the bulk ZnO material, indicating that the

nanoparticles retain the expected optical properties.

The wide bandgap of 3.37 eV enables ZnO nanoparticles to absorb UV light efficiently, making them useful for photocatalytic
applications, including the degradation of organic pollutants and antibacterial applications under UV exposure. The ability to

absorb UV light and catalyze reactions is a key feature for applications in environmental sustainability and clean energy.
ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX)

The sol-gel-synthesized ZnO nanoparticles (ZnO-NPs) Energy Dispersive X-ray (EDX) analysis findings are shown in Fig. 5 and
Table 3. As predicted for ZnO nanoparticles, zinc (Zn) dominates at 84.10% by weight. ZnO, which contains oxygen, is
confirmed by 15.58% by weight of oxygen (O). Ca is also discovered at 0.32%, which may suggest contamination or calcium
impurities in the synthesis process. Sigma values show the standard deviations of weight percentages, showing measurement
accuracy. These findings validate the high-purity production of ZnO nanoparticles, whereas the little amount of calcium does not
change the composition.
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Fig. 5. ZnO nanopowder absorption and energy gap

Table 3. Sol gel-synthesized ZnO-NPs EDX values

Element | Wt.% | Wt.% Sigma
o 1558 0.26
Ca 0.32 0.07
Zn 84.10 0.27
Total: | 100.00

SEM AND EDS ANALYSIS

Since the form and size of ZnO nanoparticles (ZnO-NPs) considerably impact their ability to prevent bacterial growth, many
studies have examined their antibacterial capabilities [6]. The morphology of ZnO-NPs is highly dependent on the conditions
during their synthesis, and researchers have reported various shapes such as nanorods, nanowires, nanotubes, nanospheres,
nanoneedles, drums, nanorings, spirals, polyhedrons, flowers, discs, plates, stars, and boxes [7, 8]. Each of these shapes exhibits
distinct physicochemical properties, which can be attributed to the specific synthesis methods used to create them. The synthesis
mechanisms involve several key factors, including the choice of precursor materials, solvent type, pH levels, and temperature, all

of which can influence the final morphology of the nanoparticles.

In this study, the ZnO-NPs were synthesized under controlled conditions, resulting in the formation of a hexagonal wurtzite
structure, as shown in Fig. 6 (a). The hexagonal shape is well-known for its stability and high surface area, which contribute to the
enhanced antibacterial activity of ZnO nanoparticles. Fig. 6 (b) shows that the average particle size was 51.31 nm, which is ideal
for antibacterial applications. Smaller nanoparticles have more surface area, which helps them damage bacterial membranes. ZnO-
NPs are interesting biomedical and environmental materials because they may be shaped to enhance antibacterial effectiveness by

adjusting synthesis parameters.
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Fig. 6. (a) SEM picture of sol-gel-synthesized ZnO nanoparticles and (b) particle size distribution
MECHANISM OF BACTERIA

ZnO nanoparticles (NPs) were tested for their antibacterial effects on Gram-negative and Gram-positive bacteria cell division.
Polymerization of the FtsZ protein creates the division septum and aids bacterial cell wall production. Bacterial division pathways
are disrupted by ZnO NPs, reducing cell growth and proliferation. Nanoparticles affect protein synthesis, cell division, and cell

wall integrity, Killing bacteria [35].

ZnO NPs were tested for antibacterial activity against Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, and
Staphylococcus aureus on Mueller-Hinton agar medium using the zone of inhibition (ZOI) technique. Fig. 7 and Table 4 reveal
that ZnO NPs inhibit all bacterial strains to various degrees. E. coli had the biggest inhibitory zone (28 mm), followed by
Klebsiella pneumoniae (24 mm) and Staphylococcus aureus (21 mm). With a 6 mm inhibitory zone, ZnO nanoparticles had no

effect on Pseudomonas aeruginosa.

ZnO NPs create ROS when they come into contact with bacterial cells, which is why they are antibacterial. ROS cause oxidative
stress, which damages bacterial membranes, breaks DNA, and kills cells. ZnO NPs also break bacterial cell walls, boosting their
antibacterial action. These results demonstrate ZnO nanoparticles' antibacterial potential for medicinal and infection control
applications. Antibacterial activity may vary by strain due to bacterial cell wall composition and nanoparticle resistance.

Nanomaterial efficiency for antibacterial applications depends on understanding strain-specific responses [36].

|

K. pneumoniae

)

Fig. 7. ZnO nanoparticle action on K. pneumoniae, S. aureus, and P. aeruginosa
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Table 4. ZnO nanopowder bacteria activity

Sample | Klebsiella | S.Aureus | E.coli Pseudomonas aeruginosa

ZnO 24 mm 21 mm 28 mm 6 mm

CONCLUSION

Sol-gel-synthesized ZnO nanoparticles (NPs) are analyzed for structural, optical, and antibacterial characteristics. XRD
examination showed a hexagonal wurtzite structure with a 51.31 nm crystalline size, a ZnO hallmark. This structural consistency

was corroborated by Fourier Transform Infrared (FTIR) spectroscopy, which detected Zn—O bonds and verified nanoparticle

purity.

Zn0O's direct band gap of 3.37 eV, measured by UV-Vis absorption spectroscopy, suggests optoelectronic possibilities. The UV
absorption spectrum energy gap supports photocatalytic and antimicrobial applications. Energy Dispersive X-ray (EDX)

examination verified that the produced nanoparticles were mostly zinc and oxygen with no contaminants.

SEM imaging showed consistent ZnO particle distribution and shape, which is necessary for their strong antibacterial activity. The
zone of inhibition approach was used to assess ZnO nanoparticles' antibacterial efficacy against Gram-negative and Gram-positive
bacteria. A 21-28 mm inhibitory zone demonstrated substantial antibacterial efficacy against Escherichia coli, Klebsiella
pneumoniae, and Staphylococcus aureus. The nanoparticles had no effect on Pseudomonas aeruginosa, showing that bacterial
strains had different antibacterial properties. ZnO nanoparticles have strain-specific antibacterial activity and great potential for

optimization in antimicrobial and optoelectronic applications.
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