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Synthesis and Characterization of Fe-Zn Bimetallic Nanoparticles via Two-Step
Laser Ablation and Their Antibacterial Activity

Abstract

In this study, Nd: YAG laser at a wavelength of (1064 nm), energies of (300 and 400 mJ), and a pulse
repetition rate of (3 Hz) was used to synthesize metallic nanoparticles from iron and zinc individually
using a one-step pulsed laser ablation approach, followed by the two-step synthesis of bimetallic
nanoparticles. The physical properties of the synthesized nanoparticles were then investigated using UV-
visible (UV-Vis), X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), and
energy-dispersive X-ray (EDX) techniques. The results of characterization of the obtained NPs confirmed
the formation of core-shell nanocomposites, as evidenced by the increased absorbance intensity of these
samples, resulting from increased size averages and surface roughness, in addition to the formation of
the Fe204Zn nanocomposite resulting from the two-step ablation process. The increased absorbance and

size of the nanoparticles suggest an enhanced interaction with light, which could be advantageous for
applications requiring strong optical properties. UV-Vis analysis showed that the ablation energy (400
mJ) resulted in higher absorption intensity for all samples and that the absorption intensity of the core-
shell nanoparticles was the highest in comparison. The energy gap values generally ranged within the
range (3.2 — 3.4 eV). XRD results revealed a polycrystalline structure with a hexagonal phase for both iron
oxide nanoparticles and zinc oxide nanoparticles, the average crystalline sizes (59.6 nm) and (73.1 nm),
respectively, and a cubic phase for the bimetallic (core-shell) nanocomposites, with increased average
sizes of (85.2 nm) and (82.12 nm). FESEM results showed rough surfaces for these nanoparticles, as well
as the presence of clusters and agglomerates, with an average size within the nanoscale range (90 nm).
This increase in size, in turn, led to increased absorption compared to iron oxide and zinc oxide
nanoparticles. The nanoscale of the synthesized nanoparticles led to their antibacterial activity, as all
synthesized nanoparticles showed an effect on two types of bacteria, one Gram-positive and the other
Gram-negative, where the inhibition ranges ranged within the range (12 — 18 mm), which indicates that
the structural and optical properties of the core-shell nanocomposites may contribute to their
effectiveness as potential alternatives to traditional antibiotics to inhibit bacteria.
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Abstract

In this study, Nd: YAG laser at a wavelength of (1064 nm), energies of (300 and 400 m]), and a pulse repetition rate of
(3 Hz) was used to synthesize metallic nanoparticles from iron and zinc individually using a one-step pulsed laser
ablation approach, followed by the two-step synthesis of bimetallic nanoparticles. The physical properties of the
synthesized nanoparticles were then investigated using UV—visible (UV—Vis), X-ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM), and energy-dispersive X-ray (EDX) techniques. The results of characterization
of the obtained NPs confirmed the formation of core-shell nanocomposites, as evidenced by the increased absorbance
intensity of these samples, resulting from increased size averages and surface roughness, in addition to the formation of
the Fe,O4Zn nanocomposite resulting from the two-step ablation process. The increased absorbance and size of the
nanoparticles suggest an enhanced interaction with light, which could be advantageous for applications requiring
strong optical properties. UV—Vis analysis showed that the ablation energy (400 mJ) resulted in higher absorption
intensity for all samples and that the absorption intensity of the core-shell nanoparticles was the highest in comparison.
The energy gap values generally ranged within the range (3.2—3.4 eV). XRD results revealed a polycrystalline structure
with a hexagonal phase for both iron oxide nanoparticles and zinc oxide nanoparticles, the average crystalline sizes
(59.6 nm) and (73.1 nm), respectively, and a cubic phase for the bimetallic (core-shell) nanocomposites, with increased
average sizes of (85.2 nm) and (82.12 nm). FESEM results showed rough surfaces for these nanoparticles, as well as the
presence of clusters and agglomerates, with an average size within the nanoscale range (90 nm). This increase in size, in
turn, led to increased absorption compared to iron oxide and zinc oxide nanoparticles. The nanoscale of the synthesized
nanoparticles led to their antibacterial activity, as all synthesized nanoparticles showed an effect on two types of
bacteria, one Gram-positive and the other Gram-negative, where the inhibition ranges ranged within the range
(12—18 mm), which indicates that the structural and optical properties of the core-shell nanocomposites may contribute
to their effectiveness as potential alternatives to traditional antibiotics to inhibit bacteria.
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1. Introduction
C urrently, many types of pharmaceutical com-
pounds and antibiotics are used in large
quantities worldwide as treatments for microbial
infections. However, the growing demand for these
treatments and their overuse have led to the
emergence of drug resistance in bacteria through
self-evolution, leading to a gradual loss of

effectiveness and the emergence of numerous un-
common health problems that cause environmental
pollution. Therefore, the need to develop effective
antibacterial alternatives to antibiotics has arisen.
Researchers are turning to nanotechnology as a
promising solution [1,2]. Nanotechnology is
considered one of the most important fields in
various sciences (physics, chemistry, and biology).
Materials that can be produced in sizes ranging
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from 1 to 100 nm are known as nanomaterials,
which are distinct and unique materials. The sci-
ence that is concerned with studying and describing
these materials and determining their physical and
chemical properties is nanoscience [3,4]. When
materials are transformed to very small sizes,
within the nanoscale range, they acquire charac-
teristics, properties, and chemical, biological, or
physical properties that are completely different
from their larger-sized counterparts. These new
and distinctive properties have a direct impact on
their chemical reactions and stability, and increase
their surface area relative to their volume [3].
Therefore, there are many important and growing
applications for this field [5]. This involves the
usage of nanoparticles (NPs) in the medical field to
develop various treatments for diseases that may
affect humans. Several treatments have been
developed, particularly for cancer and some infec-
tious diseases, using metallic NPs. These NPs are
used to deliver drugs to affected areas due to their
large surface area relative to their size [2,6]. They
are mainly used as heterogeneous nanocatalysts in
a variety of organic transformations. This is due to
their high surface area and small sizes, which
impact specific biological and catalytic applications
[7]. NPs can be prepared in many ways, whether
chemically, physically, or biologically. Each method
has its own characteristics that distinguish it from
the rest. There are two basic types of strategies for
preparing NPs. The first method is top-down,
which is based on breaking the material through
the effect of an external force on solid materials.
This process reduces the material to very small
particles. The second method is the cumulative
approach, or bottom-up, in which individual atoms
are built one by one to form molecules [8,9]. PLAL
(pulsed laser ablation in liquids) is a technique that
represents one of the simplest and most versatile
methods for synthesizing NPs [10]. It is a simple
and rapid process to synthesize NPs of pure metals
and metal oxides with uniformity and minimal ag-
gregation, and it is a non-toxic and non-polluting
method [11,12]. It is also low-cost and highly
effective. It is a physical method for preparing
nanomaterials using a top-down approach [13,14].
This is done by placing a piece of high-purity metal
as a target in a liquid medium and exposing it to a
pulsed laser beam to remove NPs from the target
surface, mix them with the fluid medium, and form
a colloidal solution containing a mixture of liquid
and NPs. The ablation process is highly controlled,
producing pure metal NPs and metal oxides
without the need for catalysts or chemicals. The
ablation parameters include the liquid medium,

laser wavelength, laser transmittance, laser energy,
laser beam focal length, laser pulse duration, laser
shot count, and laser pulse repetition rate, where
the shape and size of the NPs can be controlled by
controlling the laser parameters. These parameters
can be controlled to prepare NPs for various ap-
plications, such as solar cells, antibacterial activity,
drug delivery, and more [15—17]. Recently, the core-
shell NPs synthesis technique has gained great
attention through the formation of bimetallic NPs, a
prominent type of hybrid NPs that may contain
organic or inorganic materials, such as metals. One
material serves as the core, while the other material
covers it, forming a shell. This nanostructure has
enhanced and improved the multiple applications
of nanomaterials, resulting in unique properties for
the prepared NPs, most notably the enhancement
of the structure, stability, and greater effectiveness,
which makes them useful in several fields, most
notably drug delivery and inhibition of bacteria and
viruses [18—20]. The behavior of the core-shell
composition is between that of the core and shell
components, and this composite can form a struc-
ture with superior performance that overcomes the
obstacles inherent in single-phase structures [21].
Nanocomposites (core-shell) are important in
biomedical applications, especially when they have
non-toxic behavior [22]. A significant amount of
effort has been focused on nanocomposites. The
advantages of combining metallic nanocrystals
have to do with economic benefits, non-toxicity,
and stable characteristics [23]. Based on a metallic
precursor, two-step PLAL can form core-shell NPs
with novel behavior and properties, which have the
advantage of greater control over the size and sur-
face modification of NPs [21]. It is one of the best
methods used to produce composite nanomaterials,
which relies on the use of a variety of laser pa-
rameters and the media surrounding the target,
which affects the size, shape, and structure of the
resulting material. This strategy can produce com-
posite nanomaterials containing semiconductor
materials. This method relies heavily on the use of
short, high-intensity pulses, up to nanoseconds,
using a high-power laser source, producing small
objects with special properties in the nanoscale
state [24]. Zinc oxide nanoparticles (ZnO NPs) have
unique optical and structural properties, and when
they reach the nanoscale, this affects their me-
chanical, electrical, and morphological properties.
Among their most prominent applications are op-
tical coatings, solar cells, and antibacterial, as they
replace antibiotics and deliver medicine to infected
areas [25]. Iron oxide nanoparticles (FeO NPs) are
characterized by their high magnetism and low
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toxicity, which enables them to be used on a wide
scale, most notably in nanomedicine, by delivering
treatment to infected areas, as well as being an
effective antibacterial and antiviral, which have
recently begun to show high resistance to conven-
tional antibiotics [16]. So, these two types of NPs are
the subject of the current study for their distinctive
properties. Although there are many previous
studies on the synthesis of core-shell nano-
composites in several ways, as mentioned above,
characterizing them using different techniques, and
evaluating their biological effectiveness, what dis-
tinguishes the current study is the possibility of
considering it a sustainable synthesis of core-shell
NPs without affecting the environment, and in a
rapid manner that saves time and effort, and from
two materials that are friendly to the human body
(Fe and Zn) when compared to other materials with
toxicity concerns, even if it is in the long run. In
addition, this study tested the effectiveness of the
synthesized nanoparticles against two different
types of bacteria. With the increasing resistance of
harmful bacteria in humans to many antibiotics, it
has become necessary to find alternatives to reduce
their resistance. One of the most prominent solu-
tions on which our study was based and aimed is
the use of transition metal NPs to reduce resistance,
especially since preparation via a sustainable
method, namely pulsed laser ablation in deionized
water, as this method is non-toxic and does not
require harmful chemicals. Iron and zinc oxide NPs
were synthesized using two different laser energy
levels, in addition to synthesizing a core-shell
nanocomposite of these two metals to improve the
resulting properties and effectiveness of the
resulting NPs. The effectiveness of all synthesized
NPs was tested on two types of bacteria to verify
their inhibition effectiveness.

2. Materials and methods
2.1. NPs synthesize

Two metals, Fe and Zn, with a purity for each
other of (99.9 %) from Laboratory Chemical-India,
were used in this study to synthesize metallic NPs
and then bimetallic NPs by the two-step PLAL
technique.

To synthesize NPs from Fe metal, the Fe sheet
with dimensions (2 x 2 x 0.1 cm) was immersed in
(5 mL) of the deionized water (DW), in a (100 ml)
glass beaker, at a distance of (10 cm) from the Q-
switched Nd: YAG laser source with (700 pulses), a
repetition pulses rate of (3 Hz), a wavelength of
(1064 nm), the liquid level was (7 mm) above the

target, and two different energies of (300 and
400 m]). As well to synthesize NPs from Zn metal,
the Zn sheet with dimensions (2 x 2 x 0.1 cm) was
immersed in (5 mL) of DW, in a (100 ml) glass
beaker, at a distance of (10 cm) from the laser
source with (300 pulses), a repetition pulses rate of
(3 Hz), a wavelength of (1064 nm), the liquid level
was (7 mm) above the target, and two different
energies of (300 and 400 m]J). Nano-colloidal solu-
tions were prepared for each metal separately. The
laser parameters for ablation were determined and
selected based on laboratory experimental steps,
starting with the first harmonic of the wavelength,
the lowest energies, and the pulse repetition rate to
save time, effort, and energy, provided that these
parameters are productive for nanoparticles.

In synthesizing the (Fe@Zn) core-shell NPs, the
Fe sheet was immersed in the colloidal solution
containing the prepared NPs of Zn metal (shell).
Then, the NPs (core) were ablated from it by
applying the same ablation parameters used in the
NPs synthesizing NPs from Fe metal. In synthesiz-
ing the (Zn@Fe) core-shell NPs, the Zn sheet was
immersed in the colloidal solution containing the
prepared NPs from Fe metal (shell). Then, the NPs
(core) were ablated from it by applying the same
ablation parameters used in the synthesis of NPs
from Zn metal. For all prepared samples, the laser
spot diameter on the target was 1 cm, while the
laser fluence when using ablation energy (300 m)])
and (400 mJ) was (0.38 J/cm?) and (0.51 J/cm?),
respectively. Thus, (8) samples of nano-colloidal
solutions were obtained: two samples representing
the colloidal solution containing NPs from Fe metal
prepared with two laser energies (300 and 400 nm),
two samples representing the colloidal solution
containing NPs from Zn metal prepared with the
two energies, two samples representing the
colloidal solution containing (Fe@Zn)NPs prepared
with the two energies, and two samples represent-
ing the colloidal solution containing (Zn@Fe)NPs
prepared with the two energies.

2.2. NPs characterization

The prepared samples were characterized opti-
cally and structurally, where the absorption spec-
trum of all prepared samples was found using the
UV-—visible (UV—Vis) spectrophotometer, from
Metertech Inc., after their preparation was
completed, and their energy gap (Eg) was calcu-
lated using Eq. (1) [26,27]:

ahv=B(hv —Eg)"/* (1)
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Where a is the absorption coefficient, h represents
the Planck constant, v represents the photon fre-
quency, and B is a constant. The structural charac-
terization was also obtained using X-ray diffraction
(XRD), from Haoyuan Instrument, to determine the
sample's constituent elements by finding Bragg
diffraction angles and Miller indices. The phases
and crystal size averages were also determined
using the Debye-Scherrer Eq. (2) [28,29], the dis-
tances between crystal planes, and the full width at
half maximum (FWHM) of the diffraction peaks.

D=K A1 /B cosb (2)

Where K is constant, A is the wavelength of the X-
ray, B represents FWHM, and 0 is the Bragg
diffraction angle. The second technique used for
structural characterization is the field-emission
scanning electron microscopy (FESEM), from
InspectTM F50, to determine the surface
morphology, shapes, and diameter averages of the
synthesized NPs. This technique also provides
another associated technique, namely energy-
dispersive X-ray spectroscopy (EDX), which is
useful in determining the percentage and weight
ratios of the elements composing the prepared
samples.

3. Biological application

The agar diffusion method was used to evaluate
the effectiveness of all the prepared nano-colloidal
solutions on the two types of bacteria, one of which
was Gram-positive, Staphylococcus aureus (S. aureus),
and the other Gram-negative, Escherichia coli (E.
coli), isolated from the urinary tract. The inhibition
was tested using the agar diffusion method, where
bacterial cells were spread using a cotton swab on
Mueller-Hinton agar medium in Petri dishes. Holes
were then made in these dishes to place the pre-
pared nano-colloidal solutions in them, and then
incubated for (24 h) at a temperature of (37 °C)
where the sensitivity of the two bacterial strains to
the NPs was evaluated through the inhibition zone
that appeared on the agar plate around the hole
[30]. The effectiveness of all prepared samples was
tested on the two types of bacteria used.

Fig. 1 shows a simplified diagram of the details of
this study.

4. Results and discussion
4.1. UV—Vis analysis

Optical characterization of the ablated Fe and Zn
nanoparticles for all the prepared samples was

) Y
el o 4
AHL_A i

EDX analysis

Nd: YAG laser

Nano-colloidal

solution activity of NPs

Fig. 1. Simplified outline of the current study.

performed using the UV—Vis spectrophotometer,
and the absorption spectra shown in Figs. 2—4 were
obtained. The results demonstrate that the absor-
bance increases with increasing laser energy in the
ablation process. Fig. 2 shows the absorption
spectra of NPs ablated from Fe metal, showing that
the sample synthesized at (400 m]) has an absor-
bance intensity higher than that of the sample
synthesized at (300 mJ). The absorbance peak rep-
resents the surface plasmon resonance (SPR) of the
Fe nanoparticles, a characteristic feature of transi-
tion element NPs that represents the collective
oscillation of the free electrons in these particles
when light is incident on them. This phenomenon
occurs at the interface between the metal and the
insulator (liquid medium). When polarized light
falls on this interface at a certain angle, it excites the
free electrons on the metal surface, causing collec-
tive vibrations (surface plasmons). This value is
affected by the concentration of the solution [31].
Fig. 3 shows the two absorbance spectra of NPs

—300 mJ
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e o o
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e
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Fig. 2. Absorbance spectra of NPs ablated from Fe.
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Fig. 3. Absorbance spectra of NPs ablated from Zn.

ablated from Zn metal. The maximum absorbance
that represents the SPR of the Zn nanoparticles was
(400 m]J). In comparison, the absorbance of iron-
ablated NPs is higher than that of zinc-ablated NPs.
The results showed that the SPR of the Fe-ablated
NPs is higher than that of the Zn-ablated ones, as it
was found that the surface plasmon excitation effi-
ciency of Fe is higher. This is due to the dependence
of this phenomenon on the optical and magnetic
properties of the materials. It is also affected by the
valence number of the material. As a result, the Fe-
ablated NPs show a higher plasmon resonance ef-
ficiency [32]. Fig. 4 shows the absorbance spectrum
of both the resulting composite (Fe@Zn) core-shell
and (Zn@Fe) core-shell NPs. The higher ablation
energy (400 mJ) led to the formation of core-shell
nanocomposites with higher absorption intensity. It
can be noted that the (Zn@Fe)NPs synthesized with
both ablation energies showed higher absorption
compared to the (Fe@Zn)NPs. This is due to the
effect of the nano-colloid solution of the Fe (shell)
with higher absorption compared to the nano-
colloid solution of the Zn (core). Also, the higher
ablation energy led to a higher absorption intensity
due to the increased concentration of nanoparticles

18 —— (Fe@Zn)NPs at 300 mJ
161 f\ —— (Fe@Zn)NPs at 400 mJ
1.4 1
) 2 N (Zn@Fe)NPs at 300 mJ
& 124 | \ .
: ] { \\\ (Zn@Fe)NPs at 400 mJ
s |
2 0. 1
5 ‘
2 0.6
< 0.4 |
I
0+ T T T T T T T T T T T T T T ]
200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800
Wavelangth (nm)

Fig. 4. Absorbance spectra of (Fe@Zn) and (Zn@Fe) core-shells NPs.

in the nano-colloidal solutions. The higher SPR
peak of the nano-colloid solutions produced by the
two-step ablation process is one of the pieces of
evidence for the formation of core-shell nano-
composites [20,33].

These results demonstrate that increasing the
ablation energy leads to an increase in the number
of NPs and, consequently, an increase in the con-
centration of the nano-colloidal solution. The dif-
ference in the peak and width of the absorption
spectra resulting from the use of the two energies
may indicate that increasing the laser energy
caused an increase in the concentration of the NPs
formed, a change in their size or shape, or the for-
mation of crystalline defects that affect the ab-
sorption properties. The results show that the
absorbance of the core-shell NPs is significantly
higher than that of both Fe and Zn nanoparticles,
proving their efficiency.

The peak (SPR) of all synthesized NPs ranged
around the wavelength (300 nm), and there was a
difference in their intensity and broadness, as the
higher absorption intensity indicates an increase in
the size of the resulting NPs with increasing energy,
which led to higher absorption efficiency. As for the
increase in the broadness of the peak with
increasing energy, it indicates the occurrence of
dispersion in shape and size, as the optical prop-
erties of the material depend on its structural
properties. We also note an increase in the SPR
intensity value for the core-shell nanocomposites,
as this value is affected by the refractive index of
the medium, as the synthesis process of these
nanocomposites was carried out in two steps, using
a nano colloidal solution of the material as a liquid
medium for ablation, and this means a change in
the refractive indices [31]. Figs. 5—8 represent the
results of calculating the energy gap (Eg) for all
prepared nanoparticles. Fig. 5 shows the Eg results
for Fe oxide NPs. At (300 m]), Eg was (3.25 eV),

=300 mJ, Eg=3.25¢eV

——400mJ, Eg=32 eV

w
S

™~
0

(ahv)? (eV em™)?
a8

—
=)

t ' i + ot + + i
2 22 24 26 28 3 32 34 36 38 4 4.2
hv (eV)

Fig. 5. Energy gap of Fe oxide NPs.
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Fig. 6. Energy gap of Zn oxide NPs.

while at (400 m]), it was (3.2 eV). Fig. 6 shows the Eg
results for Zn oxide NPs. At (300 m]), Eg was
(3.4 eV), while at (400 m]J), it was (3.38 eV). As for the
core-shell composites, Fig. 7 shows Eg values for
(Fe@Zn)NPs. At (300 m]), Eg was (3.32 eV), while at
(400 mJ), it was (3.3 eV). Fig. 8 shows the results of
Eg for the second core-shell composite (Zn@Fe)
NPs. At (300 m]), the value was (3.22 eV), while at
(400 m]), it was (3.3 eV). The Eg values of the pre-
pared samples are inversely proportional to the
increase in energy. The higher the ablation energy,
the smaller Eg. This facilitates the transition of
electrons from the valence band to the conduction
band, significantly increasing the sample's con-
ductivity. This slight change in the energy gap may
indicate a slight modification in the electronic
structure of the material due to changes in the
preparation conditions. The result of the decrease
in the energy gap value with the increase in
absorbance is consistent with previous studies such
as [33—36].

4.2. XRD analysis

Fig. 9 represents XRD patterns obtained from the
samples prepared at the ablated energy (400 m]).

140 { ——(Fe@Zn)NPs at 300 mJ, Eg=3.32 eV
120 { ——Fe@Zn)NPs at 400 mJ, Eg=3.3 eV
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hv (eV)

Fig. 7. Energy pap of (Fe@Zn) core-shells NPs.

The results denote that the process of ablation of Fe
metal at the working conditions led to the formation
of Fe,O; NPs with a hexagonal crystal structure,
where the peaks appeared consistent with the
standards of the international card (JCPDS) card
number (00-040-1139), and the average crystalline
size (59.6 nm). The results also show that the pro-
cess of ablation of Zn metal led to the ZnO nano-
particles, which also have a hexagonal crystal
structure, where the peaks show consistency with
the JCPDS card number (01-075-1533). And the
average crystalline size was (73.1 nm). As for the
two composites (core-shell) synthesized at both
(Fe@Zn) and (Zn@Fe), the results showed that the
formation of Fe,O,Zn NPs with the cubic crystals
phase shows good agreement with the JCDPS card
number (01-081-0676), the average crystalline sizes
of these two composite NPs synthesized from
Fe@Zn and Zn@Fe were (85.2 nm) and (82.12 nm)
respectively. The crystalline size of the samples,
shown in Table 1, was found using Eq. (2). A slight
difference appeared in the diffraction patterns of
the two nanocomposites (Fe@Zn) and (Zn@Fe) in
terms of the intensity of the diffraction peaks, their
broadness, the slight shifts, and the inter-spaces,
which consequently led to a difference in the
average crystal sizes of these two nanocomposites.
The reason may be due to the difference in crystal
stresses and compressive pressure on the core and
shell in the two cases, and perhaps structural pha-
ses may have formed at the interface, which causes
this difference.

4.3. FESEM analysis

Figs. 10—13 represent the FESEM results of NPs
synthesized at (400 m]). The Figures show the
shapes of the synthesized NPs on several scales.
Fig. 10 shows the nanoparticles ablated from Fe
metal, which appear in regular spherical shapes,

== (Zn@Fe)NPs at 300 mJ, Eg=3.22 eV

200 1 =——(Zn@Fe)NPs at 400 mJ, Eg=3.2 eV

B AR~ A
2.6 2.7 2.8 29 3 3.1 32 33 34 3.5 3.6 3.7 3.8 39 4
hv (eV)

Fig. 8. Energy pap of (Zn@Fe) core-shells NPs.
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Fig. 9. XRD patterns of the synthesized samples.

especially in the figure on the scale (100 nm), and
their average size (39.7 nm). While Fig. 11 shows the
NPs ablated from Zn metal, they appear in irregular
shapes and sometimes in the form of clustered
sheets, especially on a scale of (500 nm) and with an

Table 1. XRD results parameters of the synthesized NPs.

Metal NPs 20 (deg) hkl pB(rad) d(nm) D (nm)
Fe Fe, O3 17.710 102 0.476 4.998 16.478
24.978 017 0.109 3.559 70.657
30.750 113  0.168 2.903 45.482
33.855 116  0.105 2.644 71.976
53.664 300 0.069 1.706 102.401
63.979 223 0.133 1.454 50.542
Zn ZnO 30.911 100 0.111 2.889 74.153
35.109 002 0.105 2.570 78.926
46.785 102 0.105 1.940 81.726
61.605 103  0.172 1.502 53.453
63.908 200 0.072 1.455 68.309
66.042 201 0.138 1.413 72.677
72.034 004 0.365 1.310 72.6773
74.061 202 0.121 1.279 82.5991
Fe@Zn Fe,OuZn 18.031 111  0.139 4.908 57.7624
30.132 220 0.145 2.962 56.4322
37.177 222 0.131 2.415 63.6115
53.919 422  0.070 1.699 125.803
56.809 333 0.200 1.619 45.0212
61.644 440 0.140 1.503 65.6206
67.260 442  0.071 1.391 133.578
70.444 620 0.071 1.336 136.471
74.410 622 0.121 1.273 82.3526
Zn@Fe Fe,O4Zn  19.222 111 0.140 4.607 57.2522
29.435 220 0.109 3.030 75.0305
37.445 222 0.069 2.399 120.872
45.980 331 0.164 1.972 52.5614
52.241 422 0.304 1.749 29.0183
56.905 511 0.071 1.617 125.814
62.899 440 0.071 1.476 130.831
67.886 620 0.103 1.379 92.2732
73.119 533 0.163 1.293 60.4125
73.963 622 0.128 1.280 77.0923

average size of (67.5 nm). The irregularity in the size
distribution of these NPs compared to that of NPs
synthesized from Fe metal was reflected in the ab-
sorption spectrum, which appeared more regular
and smooth. The average sizes of the core-shell NPs
were (69 nm) and (90 nm) for Fe@Zn in Fig. 12 and
Zn@Fe in Fig. 13, respectively. The NPs formed here
appear to be clustered and agglomerated as a result
of the superposition of the two types of NPs of the
two metals, where one of them coats the other. The
average sizes were calculated using the Image]
program. These clusters and agglomerations lead to
irregular shapes, despite being within the nano-
scale. This is evident from the size distributions in
the mentioned Figures. The size distributions of
NPs and the resulting average sizes indicate that
the core-shell nanocomposites showed a difference
in these distributions and an increase in the
average size, in addition to an increase in rough-
ness as shown by the surface morphology. In gen-
eral, the appearance of NPs clusters and
agglomerations is due to several reasons, including
van der Waals forces and a high surface area ratio,
which makes them chemically unstable and prone
to bonding with other particles, instability, and
dispersion, especially when they are present in a
liquid and without using a stabilizer. Also, the
change in temperature affects the surface charge,

(5]
D1 =2483 nm

Fig. 10. FESEM analysis of NPs ablated from Fe metal: (a) at 100 nm
scale, (b) at 500 nm scale, (c) at 1 um scale, (d) NPs size distribution.
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Fig. 11. FESEM analysis of NPs ablated from Zn: (a) at 100 nm scale,
(b) at 500 nm scale, (c) at 1 um scale, (d) NPs size distribution.

which leads to instability, dispersion, and agglom-
eration. Also, the evaporation of the liquid medium,
especially during the test process, leads to the
convergence of these particles and thus their

agglomeration. As well as over time, as a result of
the high surface energy of the smaller NPs, they
settle onto the relatively large NPs, which leads to
the growth of large NPs at the expense of the small
ones, resulting in inhomogeneous dispersion
[37,38].

4.4. EDX analysis

Figs. 14—17 show the results of the EDX analysis
of the NPs synthesized at (400 m]). The results
indicate that all samples contain oxygen as a result
of the oxidation of the samples since the ablation
process took place in the air, and that the laser
energy with the resulting heating of the metal
during the ablation process and the formation of
plasma led to a difference in the molecular pres-
sures and the formation of oxides of these metals.
This is in addition to the fact that these two ele-
ments tend to oxidize greatly by nature, and this is
what appeared from the agreement of the diffrac-
tion peaks appearing in the XRD patterns and their
agreement with the standard cards for the oxides of
these elements. The emergence of additional peaks
in the EDX spectra of the two-step synthesized
nanoparticles indicates the formation of core-shell
nanocomposites, especially as it is coupled with
FESEM. The appearance of inaccurate and unclear
EDX images is due to several factors related to the

\'.\

D1 =3047 nm

0 ()

@

Fig. 12. FESEM analysis of (Fe@Zn)NPs: (a) at 100 nm scale, (b) at
500 nm scale, (c) at 1 um scale, (d) NPs size distribution.

Fig. 13. FESEM analysis of (Zn@Fe)NPs: (a) at 100 nm scale, (b) at
500 nm scale, (c) at 1 um scale, (d) NPs size distribution.
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Fig. 14. EDX analysis of NPs ablated from Fe metal.

measuring device itself, including surface thickness
inhomogeneity, electron scattering by air mole-
cules, and possible contamination. High electron
beam current, inappropriate acceleration voltage,
analysis time, the type of detector used, and other
factors also affect the quality of the analysis images.
Other causes of inaccurate and unclear images
include improper data processing or the use of
inaccurate analysis algorithms. The appearance of
the gold (Au) element specifically is due to the
coating of the base of the EDX device with a thin
layer of Au to improve electrical conductivity.

The results of characterization of the obtained
NPs confirmed the formation of core-shell nano-
composites, as evidenced by the increased absor-
bance intensity of these samples, resulting from
increased size averages and surface roughness, in
addition to the formation of the Fe,O,Zn nano-
composite resulting from the two-step ablation
process. The optical, structural, and morphological
characterization results were consistent with each
other. XRD results confirmed the formation of the
aforementioned NPs, based on their compatibility
with standard cards and the increased crystalline
size averages of the core-shell nanocomposites.
This, in turn, led to an increase in their size

Fig. 15. EDX analysis of NPs ablated from Zn metal.

averages, according to the FESEM results. This was
evident from the rougher morphology of the sur-
faces of these NPs, in addition to the appearance of
clusters and agglomerations. This increase in size,
in turn, led to an increase in their absorbance
compared to the absorbance of Fe and Zn oxide
NPs.

4.5. Antibacterial activity

All the prepared samples showed antibacterial
effectiveness as very good inhibition zones with
different diameters. Figs. 18 and 19 show the bio-
logical activity of NPs synthesized at (300 mJ) and
(400 my]), respectively, on S. aureus and E. coli. Fig. 20
illustrates the inhibition diameters of bacteria
caused by the synthesized NPs.

All samples prepared using the ablation energy
(400 mJ) showed a relatively greater inhibitory ef-
fect against the two types of bacteria used
compared to those prepared using the energy
(300 mJ), as the higher energy led to an increase in
the ablated nanoparticles and thus their concen-
tration in solution. This was evident from the ab-
sorption spectra. This increase in concentration led
to a greater antibacterial effect for both types of
bacteria. The effects of both the ablated iron and
zinc nanoparticles individually and the bimetallic
(core-shell) nanoparticles on the bacteria were
generally similar, except for some variation in some
samples, which proves the antibacterial effective-
ness of all prepared nanoparticles. The results
showed that the sensitivity of bacteria E. coli to the
prepared nanoparticles, in general, was higher
compared to bacteria S. aureus due to the difference
in the bacterial cell wall nature. Upon reaching the
surface of the bacterial cell, the prepared nano-
particles penetrate the bacterial cell membrane and
cause damage by disrupting proteins and reducing
cell permeability, leading to microbial death [39].

Fig. 16. EDX analysis of (Fe@Zn)NPs.
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Fig. 17. EDX analysis of (Zn@Fe)NPs.

Experimental results indicated that the two types of
bacteria differed in their sensitivity to nano-
particles. One possible explanation for this differ-
ence is the distinct composition of their cell walls.
The effectiveness of nanoparticles is generally
manifested by disrupting both the electron trans-
port chain and energy transfer across bacterial
membranes, which is their mechanism of action
[40], leading to changes in cell membrane perme-
ability. Researchers have hypothesized several
possible mechanisms for the effect of nanoparticles
on bacteria, including the formation of free radicals
and the resulting weakening of the cytoplasmic
membrane. In several previous studies, researchers
have proposed several mechanisms to explain the
behavior of nanoparticles against Dbacteria,
including the production of reactive oxygen species
(ROS), oxidative stress, adhesion to the cell mem-
brane, and others that cause damage to the bacte-
rial cell wall, thus nanoparticle penetration and cell
death due to damage to mitochondria and DNA,
and then cell death due to the cytotoxicity of
nanoparticles [41]. The presence of NPs ablated

Fig. 18. S. aureus inhibition zone by the following samples: (a) NPs
ablated from Fe at 300 m], (b) NPs ablated from Fe at 400 m], (c) NPs
ablated from Zn at 300 m], (d) NPs ablated from Zn at 400 m], (e)
Fe@Zn NPs at 300 m], (f) Fe@Zn NPs at 300 m], Fe@Zn NPs at 400 m],
(g) Zn@Fe NPs at 300 m], (h) Zn@Fe NPs at 400 m].

control

Fig. 19. E. coli inhibition zone by the following samples: (a) NPs ab-
lated from Fe at 300 m], (b) NPs ablated from Fe at 400 m], (c) NPs
ablated from Zn at 300 m], (d) NPs ablated from Zn at 400 m], (e)
Fe@Zn NPs at 300 m], (f) Fe@Zn NPs at 300 m], Fe@Zn NPs at 400 m],
(g) Zn@Fe NPs at 300 m], (h) Zn@Fe NPs at 400 m].
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Fig. 20. Diagram of bacterial inhibition zone diameters.

from Fe metal enhances the generation of ROS and
increases the stability of the particles in biological
media [42]. On the other hand, the properties of the
prepared nanoparticles, such as the small size of
both crystals and nanoparticles on the one hand
and the formation of clusters and agglomerations
that lead to increased sizes on the other, affect the
extent of their effectiveness against bacteria.

5. Conclusions

Pulsed laser ablation technology enables the easy,
time-saving, and low-cost synthesis of mono-
metallic and bimetallic nanoparticles. It produces
no environmental impact compared to other
methods. Characterization results showed that the
core-shell nanocomposites had larger average sizes
and higher surface roughness. This resulted in high
absorption densities, especially at higher laser
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fluences. Furthermore, incorporating nanoparticles
of two metals led to a different crystalline phase in
the bimetallic oxide nanocomposite. This was due
to the two-stage ablation process. The synthesized
core-shell nanoparticles exhibit good optical,
structural, and morphological properties. They also
show antibacterial activity, producing good diam-
eter bacterial inhibition zones. This encourages
further development and optimization. Controlling
the ablation parameters can yield nanocomposites
with higher inhibition efficiency. The key achieve-
ments of this work begin with the selection of two
metals that have unique properties and are non-
toxic and friendly to the human body. The nano-
particles were synthesized separately and in core-
shell form using a sustainable and rapid technique.
There is the ability to control the properties of the
resulting nanoparticles by adjusting multiple abla-
tion parameters and adapting them to the working
environment and conditions. These products can
also be used in several applications, particularly in
human health. The antibacterial activity of the
resulting nanoparticles against two types of bacteria
enhances their potential as an alternative to anti-
biotics. They can be tested on other bacterial spe-
cies or in other medical applications. Examples
include use against fungi and cancer cells, and in
various medical drugs such as wound dressings and
various bioassays.
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