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This work aimed to study the synthesis and characterization of nickel (Ni) and cobalt (Co)
nanoparticles, as well as (Co@Ni) and (Ni@Co) core-shell nanoparticles. Pulsed laser
ablation in liquid (PLAL) technique using Nd:YAG laser at wavelength (1064 nm) was used

in the synthesis in deionized water, and important structural and optical characterization
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technigues were used to characterize them. The results showed superior optical and
structural properties of the core-shell nanoparticles compared to those synthesized
individually, as their optical properties are more stable with larger energy gap values,
where it has smaller crystal sizes, and their morphological analysis shows that they are
more regular and have smaller average diameters. The results also showed the formation
T of metal oxide nanopatrticles in all the prepared colloidal nanopatrticles.
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1. Introduction

The pulsed laser ablation in liquid (PLAL) is an
efficient, modern, environmentally friendly, and
pollutant-free technique for preparing colloidal
nanoparticles (NPs) through rapid ablated a material
targetin a liquid medium. It is an interesting method for
producing pure and stable nanoparticles, playing a
significant role in a wide range of applications in
various fields [1-3]. In general, laser material treatment
is considered one of the important biological and
industrial processes. The absorption of the laser beam
by the materials affects the temperature distribution
inside these materials, causing thermal stresses [4-7].
Research has shown that by modifying several factors,
such as laser energy, pulse duration, repetition rate,
wavelength, ablation time, and liquid level above the
target material, the characteristics of the prepared
nanoparticles can be influenced, as evident from their
structural and optical characterized [8-10]. Recently,
scientists and researchers have focused on synthesizing
nanoparticles from various elements at the nanoscale,
successfully developing a new type of composite
nanoparticles, called core-shell, which consists of two
or more individual nanomaterials [11-13]. These
composite nanoparticles exhibit unique and novel
physical and chemical properties, such as optical,
electrical, thermal, and catalytic characteristics,
combining the features of different materials from
which they formed, in addition to the advantage of the
effect of reducing the ratio of volume to surface area.
This advancement accelerates the development of
various applications [14-17]. Among the metal
nanoparticles synthesized are CoNPs and NiNPs. These
nanoparticles are notable for their ease of preparation
and non-toxic nature when prepared individually.

Furthermore,  core-shell  nanoparticles  are
manufactured as nanocomposites with  unique
properties. Core@shell nanoparticles are a class of
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biphasic materials that consist of an inner core of one
material and an outer shell of another material, resulting
in structures of different natures. The choice of
materials depends on the intended application. The
unique properties of these composites are due to their
various shapes, such as spherical, rosette, cubic, rod-
shaped, etc. [17-19].

In this work, nanoparticles were synthesized using
the PLAL technique for NiNPs and CoNPs.
Subsequently, (Co@Ni) and (Ni@Co) NPs were
synthesized. This technique is distinguished by its
ability to produce metallic nanoparticles from a wide
range of materials, which is allowing to compare the
properties studied in this work.

2. Experimental Part

Cobalt nanoparticles and nickel nanoparticles were
synthesized as colloidal nanoparticles by ablation of
pure cobalt metal sheet and pure nickel metal sheet,
respectively, in 7.5 ml of deionized water by exposing
them to 1.064nm Nd:Y AG laser with energy of 250 mJ,
1000 pulses, and repetition rate of 5 Hz. This process
was carried out by placing the target metal sheet to be
ablation in a glass beaker and immersing it in the liquid
medium where the height of the liquid above the target
was 7 mm and at a distance of 12 cm from the laser
source, where both cobalt and nickel colloidal
nanoparticles were prepared in this way. Then, the
nanocomposite (Co@Ni) core-shell was prepared by
placing the nickel sheet in the Co colloidal
nanoparticles, in addition to preparing the
nanocomposite (Ni@Co) core-shell by placing the
cobalt sheet in the Ni colloidal nanoparticles. The
synthesized samples were characterized structurally
and optically using diagnostic techniques, namely x-ray
diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM), energy-dispersive  x-ray

PRINTED IN IRAQ 217



/4""“ Iraqi Journal of

Y& Applied Physics
IRAQI JOURNAL OF APPLIED PHYSICS fa W o e
. .

spectroscopy (EDX), and ultraviolet-visible (UV-Vis)
spectroscopy.

3. Results and Discussion

Figure (1) shows XRD patterns of colloidal
nanoparticles solutions obtained using pulsed laser
ablation. These patterns were compared with the
standard JCPDS cards as in table (1). The presence of
many prominent peaks in the XRD patterns confirmed
that all synthesized nanoparticles were polycrystalline.
Tow hexagonal close-packed (hcp) structures of CONPs
were observed. Also, two diffraction peaks in CoNPs
conform to the face-centered cubic structure (f.c.c.) and
two peaks of cubic cobalt oxide (Co304) nanoparticles.
Crystallite size based on the dominant peak was 20.49
nm. The second diffraction pattern in this figure shows
the formation of NiNPs in addition to NiONPs, where
the diffraction peaks show an intensity consistent with
a tectonic agglomerate structure of the f.c.c. phase, with
a crystallite size of 22.27 nm. XRD pattern of Co@Ni
nanoparticles confirms the formation of the cubic
spinel phase of NiCo,04 in addition to the f.c.c. of
CoNPs and NiNPs where the dominance of the peaks
belonging to the element cobalt (core) appears, with a
crystallite size of 11.75 nm. XRD patterns of Ni@Co
nanoparticles confirmed the formation of the cubic
spinel phase of NiCo20s, in addition to the f.c.c. phase
of NiNPs, and the crystallite size of 10.54 nm,
attributable to the effect of small particle size, with a
clear dominance of the element nickel (core).
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Fig. (1) XRD patterns of the synthesized nanoparticles

The peaks and other additional oxides are due to
interactions between colloidal nanoparticles extracted
and surrounding fluid, as differences in molecular
pressures in the preparation environment caused by
laser energy. From the diffraction profiles, it was
observed that the Co@Ni nanoparticles core-shell
peaks have lower broadness and intensity compared to
CoNPs, which may be due to the presence of defects
such as micro-stress caused by interstitial doping as
well as dislocation density. Table (1) summarizes the
results of XRD analysis and shows that the crystal sizes
of nanoparticles, along with the diffraction angles,
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show a variety of values, which refers to the impact of
metal mixing on the crystal structures. The average
crystallite size (D) of NPs was calculated using Debye-
Scherrer's equation [20,21]:
092
- B cos @ (1)

where 4 is the wavelength of the x-rays (1.54A), @ is the
diffraction angle, and g is the full width at half the
maximum (FWHM) of the diffraction peak observed at
the diffraction angle

In figures (2), (3), (4), and (5), the FE-SEM analysis
of the synthesized samples was conducted to identify
the surface morphology and nanoparticle size. In Fig.
(2), CoNPs exhibit homogeneity with an average size
of 20.72 nm. It is evident that the nanoparticles
aggregate randomly, forming larger-sized particles.
Figure (3) shows the morphology of NiNPs, where it is
clear that clustering or overlapping of smaller particles
leads to significant aggregation and the presence of
some large particles. The image reveals an average
nanoparticle size of 23.93 nm.

D1=20.72 nm

SEM MAG: 350 kx
Det: SE
Date(m/dly): 10/26/24

WD: 4.98 mm L114
SEM HV: 15.0 kv 100 nm

(b)
Fig. (2) FE-SEM images of synthesized CoNPs with scale of (a)
1pm, (b) 100nm
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In figures (4) and (5), the quasi-spherical
nanoparticles are shown with average sizes of 13.20 nm
for (Co@Ni) nanoparticles and 15.25 nm for (Ni@Co)
nanoparticles. The quasi-spherical nanoparticles
display a distinctive core-shell structure variation. The
lower average size indicates a more uniform and
precise size distribution. The clustering and
aggregation were mainly due to small dimensions,
strong surface energy, and chemical bonds, this is
consistent with [22].

A
2 i~ r A\
SEM MAG: 35.0 kx WD: 4.99 mm
Det: SE SEM HV: 15.0 kV 1pm
Date(midly): 10126724

D1=23.93 nm

SEM MAG: 350 kx WD: 4.99 mm Lrrlry

Det: SE SEM HV: 15.0 kV 100 nm
Date(m/dly): 10/26/24

Fig. (3) FE-SEM images of synthesized NiNPs with scale of (a)
1pm, (b) 100nm

MIRA3 TESCAI

SUT - FESEM

Through the typical EDX analysis of the prepared
colloidal nanoparticles solutions, the elemental data
and analyses in figures (6), (7), (8), and (9) indicate the
presence of the prepared nanoparticles; CoNPs and
NiNPs, along with their oxides, were the composition
of the prepared materials appeared in the form of peaks.
The source of oxygen is attributed to the surrounding
environment, as the ablation process wasn't conducted
in a vacuum. Additionally, the preparation medium,
which is high-purity water, contains oxygen, as well as
the surrounding environment of the EDX instrument
itself.
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SEM MAG: 350 kx
Det: SE
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Fig. (4) FE-SEM images of synthesized (Co@Ni) nanoparticles
with scale of (a) 1pm, (b) 100nm
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D1=15.25 nm

.

s
WD: 4,81 mm
SEMHV: 15.0kV | 100 nm

(b)
Fig. (5) FE-SEM images of synthesized (Ni@Co) nanoparticles
with scale of (a) 1pm, (b) 100nm

SEM MAG: 350 kx
Det: SE
Date(mdly): 10/26/24

MIRAS TESCAI

SUT - FESEM

Fig. (9) EDX spectrum of (Ni@Co)NPs
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Figure (10) represents the optical absorption
spectrum, optical conductivity, and energy gap of
CoNPs, NiNPs, (Co@Ni)NPs, and (Ni@Co)NPs
suspended in deionized water, respectively. In Fig.
(10a), the main peaks of the synthesized nanoparticles
were observed, showing absorption was moderate
when elements were mixed as a core-shell structure,
along with distinct optical responses noted around the
wavelength of 300 nm. CoNPs show the highest
absorbance. The prominent peaks of the surface
plasmon resonance (SPR) are higher in (Co@Ni)NPs
and CoNPs, attributed to the more efficient distribution
of these nanoparticles and increasing the nanoparticles
concentration in the solution. In Fig. (10b), the optical
conductivity of the prepared nanoparticles, calculated
from the Eq. (2) [23], was found to be highest around
the SPR region, and its curves appeared to be regular
for the core-shell nanoparticles, based on the analysis
of their structural properties.
o= by
where a the absorption coefficient, ¢ is the light
velocity, n is the refractive index

Figure (10c) illustrates the values of energy gap
(Eg), which were calculated using the Tauc’s equation
[24], to be 3.3, 3.65, 3.35, and 3.45 eV for CoNPs
NiNPs, (Co@Ni)NPs, and (Ni@Co)NPs, respectively.
This indicates that the composite core-shell
nanoparticles have energy gap values between those of
CoNPs and NiNPs, demonstrating the effect of core-
shell hybridization on improving electronic properties
at the wavelength applied to the prepared samples.

1
ahv = B(hv — Eg)E 3
where B is a constant, hv is the photon energy, and Eq
is energy gap
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Fig. (10) UV-visible analysis of the synthesized nanoparticles (a)
Absorbance, (b) Optical conductivity, (c) Energy gap

The results show that the energy gap values depend
on the crystal size, as they increase with the decrease in
the crystal size. In comparison, it was observed that the
energy gap of CoNPs has a lower value than its values
when the association occurs between Co and Ni
nanoparticles, which have larger crystallite sizes. The
same is true for the energy gap of NiNPs when
compared to its values when this association occurs.
The decrease in crystallite size leads to an increase in
the energy gap value due to the quantum confinement
phenomenon of energy levels. In other words, the
distance between the valence bands and the conduction
bands increases, so the energy gap increases. This result
shows, under normal heat and light conditions, a higher
relative  stability of the prepared core-shell
nanoparticles, as the material with a large energy gap
needs more energy to interact and destabilize it.
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4. Conclusion

Core-shell nanoparticles have significant potential
in a variety of applications. (Co@Ni)NPs and
(NI@CO)NPs were successfully synthesized using the
PLAL technique, the cost-effective, fast, and
environmentally friendly. The results show that the
core-shell nanostructures composed of Co and Ni
exhibit improved optical stability and morphology
compared to single nanoparticles. The formation of
nanocomposites of Co and Ni improved optical
properties such as absorption and solution stability.
These structures have the potential to contribute to the
development of electronic, optical, biological, and
environmental applications due to their enhanced
properties. Understanding the synthesized mechanism
of core-shell is crucial for controlling the properties of
these nanoparticles.
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Table (1) XRD analysis results of the synthesized nanoparticles

Sample NPs Phase 20 (deg) | FWHM (rad) D (nm) (hkl) | JCPDS card no.
Co304 cubic 37.74 0.375 22.3793 (311) 74-2120
Co hcp 41.04 0.486 1744692 | (100) 05-0727
Co Co304 cubic 44.23 0.381 2249822 | (400) 74-2120
Co hep 48.21 0.343 25.36395 | (002) 05-0727
Co fce 51.09 0.412 21.36305 | (200) 15-0806
Co fce 75.18 0.328 30.55411 (110) 15-0806
NiO fcc 38.14 0.425 19.7701483 | (111) 04-0835
Ni NiO fce 44.35 0.385 22.27397 | (200) 04-0835
Ni fcc 5117 0.253 34.80046 | (200) 04-0850
Ni fcc 76.92 0.257 39.46093 | (220) 04-0850
Co hcp 43.39 0.296 28.87363 | (101) 05-0727
Co@Ni NiCo204 | cubic spinel | 44.06 0.729 11.75126 | (400) 20-0781
Ni fcc 51.18 0.258 3412746 | (200) 04-0850
Co fce 75.2 0.215 46.61905 | (110) 15-0806
NiCo204 | cubic spinel | 44.36 0.813 10.54832 | (400) 20-0781
Ni@Co Ni fcc 51.35 0.372 23.6859 (200) 04-0850
Ni fce 75.03 0.421 23.78069 | (220) 04-0850
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