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In this work, pulsed laser ablation with 500 and 700 mJ lasers was used 
to synthesis metals oxide nanoparticles from Zn, Ni, and Fe. Colloidal 
solutions of these metal oxides were obtained by immersing the metal 
in deionized water. Structural analysis, including X-ray diffraction 
and scanning electron microscopy, was performed. Atomic absorption 
spectroscopy was used to determine the initial concentration of the 
material. This initial concentration was then diluted into several sub-
concentrations for antibacterial testing. The effects of the nanoparticles 
against both Gram-positive and Gram-negative bacteria were investigated.

INTRODUCTION
Zinc oxide nanoparticles exhibit unique 

properties compared to conventional particles, 
including a hexagonal crystal structure and a 
wide band gap of 3.37 eV, which impart excellent 
electrical, optical, and catalytic properties [1]. 
Applications span cosmetics, sunscreens, solar 
cells, transparent transistors, and memory devices 
[2]. In addition, ZnO nanoparticles provide effective 
UV protection and possess environmentally 
friendly antibacterial activity. Furthermore, ZnO 
NPs are employed in the rubber industry to speed 
up the vulcanization process in products such as 
tires and gloves [3].

Nickel oxide nanoparticles are cost-effective, 
easy to synthesize, and simple to isolate [4]. 
Possessing a wide band gap (4-3.6 eV), high discharge 
capacity (638 mAh/g), and high carrier density, 
these features provide superior electrochemical 

performance and make NiO nanoparticles highly 
suitable for battery Applications [5]. Due to their 
porous nature, NiO nanoparticles are also used 
as sensors for detecting compounds such as 
ethanol and as catalysts in reactions such as CO2 
oxidation. Additionally, Nickel oxide nanoparticles 
exhibit antiseptic and antibacterial properties by 
generating reactive oxygen species that damage 
microbial cell walls [6-8].

Among the iron oxides, Fe2O3 has attracted 
significant attention over the past decade due to its 
low cost, ease of preparation, and environmentally 
friendly nature. It exists in Several crystalline 
phases (β,α,γ,δ), with the most abundant and 
studied being the iron oxides(α,γ), due to their 
wide range applications in catalysis, gas sensing, 
water treatment, batteries, data storage, and 
biomedical fields [9][10].

Although pulsed lasers ablation is fundamentally 
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a top-down technique, the formation of 
nanostructures occurs through a bottom-up 
mechanism involving nucleation, growth, and 
cluster aggregation. PLA has emerged as an 
efficient and environmentally friendly method 
for synthesizing nanoparticles. When the target 
material is irradiated with high-power pulsed 
laser, it rapidly absorbs the laser energy, leading 
to vaporization and formation of a dense plume 
of ionized atoms and electrons. Consequently, 
a high-temperature plasma rich in ions and free 
electrons is formed [11-13].

E-coli is one of the most prevalent bacterial 
species associated human infections. It is a gram-
negative bacterium that normally inhabits the 
gastrointestinal tract; however, certain pathogenic 
strains can cause severe infection, particularly 
the urinary and gastrointestinal system. 
Staphylococcus is a gram positive bacterium 
commonly found on the skin and mucosal surface, 
and is linked to a broad spectrum infections include 
skin and soft tissue infections, foodborne alliances 
and occasionally serious systemic disease. The 
clinical importance of these two species arises 
from high adaptability and decreasing resistance 
to multiply antibiotics, making them major target 
of current medical and microbiological research 
[14,15].

MATERIALS AND METHODS
In this part of the work, the pulsed laser 

ablation in liquid (PLAL) technique was used 
to prepare nanoparticles of zinc, nickel, and 
iron oxides, using deionized water as the liquid 
medium. First, pure pieces of zinc, nickel, and iron 
(1 × 1 cm²) were placed in separate beakers, each 
containing 3 ml of deionized water. They were 
then directly exposed to a 1064 nm, 6 Hz Nd:YAG 

laser beam with different energies of 500 and 700 
mJ, with the laser nozzle-to-target distance fixed 
at approximately 10 cm, as shown in Fig. 1.

The nanoparticles were characterized through 
a series of structural and optical investigations 
to accurately determine their properties. The 
nanoparticle solution prepared by pulsed laser 
ablation in liquid (PLA) was deposited onto a glass 
substrate placed over a hot plate using a drop-
casting method, forming thin films suitable for 
subsequent testing. The crystalline structure of 
the films was analyzed using X-ray diffraction (XRD, 
SHIMADZU 6000) to identify the crystalline phases 
and evaluate the degree of crystallinity, where the 
crystal size is determined by the Scherrer equation.

Dc= Kλ
βcosϴ    

  
                                                               

(1)

where Dc represents the crystal size or 
repeating structure, β is the full width at half 
maximum (FWHM) in radians, ϴ denotes the angle 
of reflection (diffraction angle) in degrees, K is the 
shape factor known as Scherrer’s constant, usually 
set at 0.94, and λ denotes the wavelength of the 
X-rays used in the measurement. The interplanar 
spacing (d-spacing) is calculated using the Bragg 
diffraction equation, as shown below.

nλ=2dsinϴ                                                               (2)

Where n represents the diffraction order (often 
taken as 1), λ is the wavelength of the incident 
X-rays (e.g., 0.154 nm for Cu Kα radiation), d 
denotes the interplanar spacing corresponding to 
the Miller indices (hkl), and ϴ is the Bragg angle in 
radians, i.e., the diffraction angle [16].

 

  
Fig. 1. PLA system.
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A field-emission scanning electron microscope 
(FE-SEM) was used to obtain accurate images of the 
surface topography and nanoscale morphology, 
providing a deeper understanding of the structural 
properties of the samples. The optical properties 
were analyzed using a Shimadzu UV-1800 UV-Vis 
spectrometer to determine the absorbance and 
optical energy gap, linking the crystal structure to 
the optical behavior of the prepared materials.

The initial concentrations of the prepared 
nanoparticles were determined using atomic 
absorption spectroscopy (AAS) in parts per 
million (ppm). These solutions were then diluted 
at different ratios to prepare four specific 
concentrations for each sample, with the aim of 
studying the effect of each concentration on the 
selected bacterial strains and evaluating their 
antibacterial efficacy.

Muller-Hinton (M-H) agar is prepared by adding 
38 grams of the powder to 1 liter of distilled water, 

followed by heating on a burner with continuous 
stirring until fully dissolved. For 15 minutes, 
sterilize the M-H solution by autoclaving at 121°C. 
After that, the solution was allowed to reach 50°C 
before being poured into petri dishes and left for 
about 15 minutes to solidify. Once solidified, the 
plates are flipped upside down and kept in at 4°C.

The antibacterial activity of ZnO, NiO, and 
Fe₂O₃ nanoparticles prepared using pulsed laser 
ablation (PLA) at two different laser energies (500 
and 700 mJ) was evaluated against two bacterial 
strains: Escherichia coli (E. coli), a Gram-negative 
bacterium, and Staphylococcus aureus (S. aureus), 
a Gram-positive bacterium, using the agar well 
diffusion method.

Nanoparticle solutions were prepared at 
different concentrations of 12.5%, 25%, 50%, 
and 100% for each of the two energy levels. 
Approximately 20 ml of sterile Muller-Hinton agar 
(MH) medium was poured into sterile Petri dishes. 
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Fig. 2. X-ray diffraction for A:ZnO, B:NiO, C:γ-Fe2O3.
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After solidification, the active bacterial strains 
were inoculated using a sterile inoculation loop 
taken from the original cultures.

Next, 6-mm-diameter wells were created 
using a sterile pipette tip, and specific volumes 
of the prepared nanosolutions at different 
concentrations and energies were added to each 
well. The dishes were incubated at 37°C for 24 
hours. After the incubation period, the average 
diameters of the inhibition zones were measured 
and recorded to assess the antibacterial efficacy of 
each sample based on the type of nanomaterial, 
laser energy, and sample concentration.

RESULTS AND DISCUSSIONS
Fig. 2 shows the X-ray diffraction patterns of 

zinc oxide, nickel oxide, and iron oxide prepared 
using pulsed laser ablation at laser energies of 500 
and 700 mJ.

X-ray diffraction patterns of the three oxides 
prepared by PLA show the formation of pure and 
well-defined crystalline phases for each material. 

All samples exhibited a clear increase in the 
intensity of the diffraction peaks at higher energy 
levels, indicating an improvement in the degree of 
crystallinity and an increase in the crystal size as a 
result of the higher thermal energy, which provides 
suitable conditions for atomic arrangement 
within the crystal structure and reducing defects. 
Moreover, the crystallinity improvement increases 
with increasing laser energy [17]. 

Zinc oxide appeared in a hexagonal structure 
with diffraction peaks at angles 32.91°, 34.34° 
and 36.99°, for the (100), (002) and (101), planes, 
respectively. A peak belonging to zinc also 
appeared at angle 43.61° for the 101 planes. Both 
samples (500 mJ,700 mJ) are consistent with the 
ZnO reference according to card number (JCPDS 
048-0002) and consistent with [18]. Nickel oxide 
exhibited a cubic crystal structure characterized 
by diffraction peaks positions at (37.40°,43.68°, 
64.36°and 77.49°) corresponding to (111), (200), 
(220) and (311) the planes respectively. The 
diffraction patterns of both samples (500 mJ, 700 

Energy(mJ) hkl 2θ (Deg.) FWHM (Deg.) dhkl Exp.(Å) C.S (nm) 

500 

100 32.91 2.40 2.72 3.45 
002 34.44 2.70 2.60 3.08 
101 37.39 1.46 2.40 5.74 
102 43.71 2.18 2.07 3.93 

700 

100 32.91 1.14 2.72 7.27 
002 34.34 1.70 2.61 4.89 
101 36.99 1.64 2.43 5.11 
102 43.61 2.64 2.07 3.24 

 
  

Energy (mJ) hkl 2θ (Deg.) FWHM (Deg.) dhkl Exp.(Å) C.S (nm) 

500 

111 37.38 1.04 2.40 8.06 

200 43.78 1.36 2.07 6.30 

220 64.28 0.44 1.45 21.32 

311 77.45 0.28 1.23 36.37 

700 

111 37.40 0.54 2.40 15.53 

200 43.68 0.89 2.07 9.62 

220 64.36 0.77 1.45 12.19 
311 77.49 0.42 1.23 24.25 

 
  

Table 1. Structural parameters of ZnO Nano oxide prepared by PLA.

Table 2. Structural parameters of NiO Nano oxide prepared by PLA.
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mJ) showed good agreement with the standard 
phase as conformed by reference card (JCPDS 47-
1049) [19]. The X-ray diffraction pattern of the 
PLA-prepared material shows distinct diffraction 
peaks at angles of 35.6°, 43.53°, 64.36° and 77.64°, 
which are corresponding to the (311), (400), (440) 
and (533) crystal planes, respectively. These values 
are in agreement with the standard card (JCPDS 
card no. 39-1346) [20], confirming the formation 
of pure cubic phase structure. It is noted that the 
diffraction peak corresponding to the (442) plane 
appeared only in the 700 mJ sample prepared 
and higher laser energy which can be attributed 
to the improvement in crystallinity resulting from 
the increased laser energy, leading to greater 
sharpness and clarity of the diffraction peaks. 
With increasing laser energy during preparation, a 
clear improvement in the degree of crystallization 
and an increase in the size of the crystals was 
observed. The main reason for this is that the 
high laser energy provides a greater amount of 
thermal energy to the material during deposition 
or evaporation, which allows the atoms to move 
better within the crystal lattice. This additional 
movement reduces lattice defects and allows for 

the formation of larger and more regular crystals 
[21].

Tables 1-3 represents the XRD parameters 
for different oxides, the spacing between crystal 
planes, Miller indices, peak intensity, and 
maximum peak width.

Scanning electron microscopy was employed 
to examine the surface morphology, shape, 
and particle size of prepared samples. This 
characterization technique provides valuable 
insights into the influence of laser energy on 
the morphology and spatial distribution of 
nanoparticles. Moreover, it enables the evaluation 
of particle homogeneity of aggregation behavior 
and varying preparation condition. The following 
Figs. 3, 4 and 5 represent the SEM image of 
ZnO, NiO and Fe2O3 respectively along with 
the corresponding particle size distribution 
histograms. The mean particle size was calculated 
using the image software based on statistical 
analysis of the SEM image.

The SEM and micrographics of all synthesized 
oxides exhibited a similar trend with increasing 
laser Power. Higher laser energy promotes 
enhanced crystallinity and grain growth 

Energy(mJ) hkl 2θ (Deg.) FWHM (Deg.) dhkl Exp.(Å) C.S (nm) 

500 

311 37.38 1.58 2.40 5.31 

400 43.49 2.08 2.08 4.11 

422 51.58 0.98 1.77 9.00 

440 64.47 0.77 1.44 12.20 
533 77.72 0.85 1.23 12.00 

700 

311 37.40 1.39 2.40 6.03 
400 43.53 1.95 2.08 4.39 

300 64.36 1.29 1.45 7.28 
533 77.64 0.77 1.23 13.24 

 
  

Table 3. Structural parameters of Fe2O3 Nano oxide prepared by PLA.

Sample Laser Energy (mJ) Concentration (PPm) 

ZnO 500 21 
700 40 

NiO 500 15.5 
700 24.5 

Fe2O3 
500 5 
700 12 

 

Table 4. The initial concentration of samples prepared by PLAL at different laser energy.
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Fig. 3. SEM image for ZnO prepared by PLA.

Fig. 4. SEM image for NiO prepared by PLA.
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Fig. 5. SEM image for Fe2O3 prepared by PLA.

 

  
Fig. 6. Illustrate antibacterial activity against Staphylococcus and E. coli using ZnO nanoparticles 

prepared by PLA. A, Control. B, 12.5%. C, 25%. D, 50%. E, 100%.
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Fig. 7. Illustrate antibacterial activity against Staphylococcus and E. coli using NiO nanoparticles prepared by PLA. 
A, Control. B, 12.5%. C, 25%. D, 50%. E, 100%.

Fig. 8. Illustrate antibacterial activity against Staphylococcus and E. coli using Fe2O3 nanoparticles prepared by 
PLA. A, Control. B, 12.5%. C, 25%. D, 50%. E, 100%.



964 J Nanostruct 16(1): 956-965, Winter 2026

accompanied by improve particle coalescence 
that results in smoother and more uniform surface 
morphology. This behavior can be attribute to 
the increased thermal energy provided during 
ablation, which facilitates atomic diffusion and 
structural reorganization within the crystal lattice. 
Consequently, the morphological refinement 
indicate a significant enhancement and the 
physical and functional characteristic of the 
prepared oxide [22].

By atomic absorption spectroscopy (AAS). 
The Table 4 shows the concentrations of the 
nanoparticles synthesized in distilled water using 
the PLAL technique for the prepared oxides.

As the laser power in PLA technology increases, 
the amount of material removed from the target 
surface into the solution also increases. This results 
in the release of a greater number of atoms, thus 
increasing the concentration of the element in 
the solution. Consequently, the parts-per-million 
(ppm) readings increase proportionally with the 
laser power [23, 24].

Zinc oxide (ZnO), nickel oxide (NiO), and ferric 
oxide (Fe₂O₃) nanoparticles were tested at two 
different energies (500 mJ and 700 mJ) to evaluate 
their antibacterial activity. These samples were 
used to test their ability to inhibit the growth of 
both Gram-negative and Gram-positive bacteria. 
The results showed that the inhibition efficiency 
was affected by the type of nanoparticle and 
the laser energy used during preparation. The 
inhibition efficiency increased with increasing 
energy, which is consistent with the results of 
atomic absorption assays. Significant differences 
were also observed between the two types of 
bacterial cells due to differences in cell wall 
structure. As can be seen in the Figs. 6-8.

The figures show that with increasing oxide 
concentration and laser power leads to increase 
in the inhibition zones [25, 27]. It was also found 
that zinc oxide exhibits higher inhibition than 
other substances, attributed to its structural 
properties and biological activity. Furthermore, 
inhibition against E. coli is greater than against 
Staphylococcus aureus, due to the nature of the 
cell membrane of these bacteria [28].

CONCLUSION 
This work demonstrates the success of the PLAL 

method in preparing nanoparticles. Increasing 
the laser energy led to improved crystallinity and 
larger crystal size, resulting in larger particle size. 

Furthermore, increasing the laser energy resulted 
in a higher concentration of suspended particles 
in the colloidal solution, leading to an increased 
inhibition zone for both Gram-negative and Gram-
positive bacteria. 
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