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Characterization of Nickel and Nickel
Oxide Nanoparticles Prepared by
Laser Ablation Technique: Effect of
Laser Wavelength and Energy

Pulsed laser ablation in liquids is a process that has many advantages over traditional
methods used to prepare nanopatrticles. A piece of pure, polished nickel metal was used to
prepare nanoparticles using pulsed laser ablation technique in ethanol using Nd:YAG laser
with three wavelengths (1064, 532, and 355nm) and three energies (50, 100, and 150mJ).
This work focuses on evaluating the extent of the influence of some ablation parameters on
the properties of prepared nanoparticles by characterizing them structurally and optically.
The results showed the formation of both nickel nanoparticles and nickel oxide
nanoparticles with spherical shapes and with an average diameter ranging between 11.35
and 76.6 nm. It was found that the oxidation rate increases when the shorter wavelength of
the laser is used in the preparation. Absorbance increases with increasing laser energy,
and the most appropriate wavelength and laser energy in preparation are 532nm and
150mJ. This technique has proven to be one of the easiest physical methods for preparing
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nanoparticles of metals and their oxides and is characterized by its speed and low cost.
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1. Introduction

One-step, top-down, easy, fast, economical, and
environmentally friendly is, in short, the most
important description of the pulsed laser ablation in
liquid (PLAL) technique to prepare nanoparticles
(NPs) [1-4]. One of the many advantages of this
approach is the ability to control the shape,
morphology, size, and properties of the produced NPs
[5-7]. This control results from the control of various
ablation parameters, such as laser energy, laser pulse
width, repetition rate, wavelength, ablation time, and
fluid height level above the target surface [8-11]. This
technique depends on laser ablation, which has a high
intensity to result in the interaction of the laser with
the surface of the target material, thus producing a
plasma plume immersed in the liquid. Special
thermodynamic conditions arise when both pressure
and temperature are high, which allows the
production of NPs [11]. Figure (1) shows the
mechanism of nanoparticle formation by laser
ablation [12].
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Fig. (1) Schematic diagram of PLAL process
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Depending on the wavelength of the laser used,
its energy works to oscillate the free electrons on the
surface of the metal target collectively, where
absorption and scattering occur. This mechanism is a
result of the ability of metal nanoparticles to absorb
visible light by creating a collective vibration of the
conduction bands, which are in strong resonance with
specific frequencies. This phenomenon is a unique
feature of metallic NPs called surface plasmon
resonance (SPR), which results in measurable
changes in the NPs optically as the electromagnetic
field in the surroundings is enhanced by plasmon
excitation [5]. Among the many metal nanoparticles
that are the subject of extensive research, nickel (Ni)
NPs are distinguished for their wide applications
resulting from their properties, the most important of
which are extreme catalytic activity,
superparamagnetic properties, and antibacterial
effects [13-18]. In addition, nickel oxide NPs have
received great attention in a variety of scientific fields
because they have important physical, biological, and
chemical properties [19-24].

This work aims to evaluate the effect of changing
some laser parameters, namely energy, and
wavelength, on the optical and structural properties
of NPs prepared from a pure nickel piece using the
pulsed laser ablation technique in a liquid medium, to
enable control over the properties of the resulting
nanoparticles.

2. Experimental Part

Nd:YAG laser, with wavelengths of 355, 532, and
1064 nm, energies of 50, 100, and 150 mJ, number of
pulses of 500, and repetition rate of 3 Hz, was used
to prepare three solutions of colloidal NPs in 3 ml of
absolute ethanol utilizing a pure nickel metal piece
with dimensions 10x10x1 mm, where the ethanol
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level was 1 cm high above the Ni target and the
distance between the laser source and Ni target was
15cm.

To evaluate the influence of energy and
wavelength on the most important structural and
optical characteristics of the prepared colloidal
solutions containing the nanoparticles, the diagnosis
of these properties was done using x-ray diffraction
(XRD), the field-emission scanning electron
microscopy (FE-SEM), the energy-dispersive x-ray
spectroscopy (EDX), the Fourier-transform infrared
(FTIR) spectroscopy, and UV-visible
spectrophotometry. XRD was used to determine, in
addition to the crystalline structure, the average sizes
of the prepared nanoparticles using the Debye—

Scherrer’s equation [25]:
_ 0.9x4

- BCos6 (1)
where 4 is the wavelength of the x-ray (1.54A), @ is
the angle of diffraction, and g is the full-width at half
maximum (FWHM) of the diffraction peaks using
different laser fluencies. FE-SEM was used to
determine the morphology and average diameter of
the prepared NPs, EDX was used to calculate the
proportions of the components of the colloidal
solutions, FTIR spectroscopy was used to determine
the compositions of the resulting colloidal solutions
and the active groups in them, and UV-visible
spectrophotometry was used to record the absorption
spectra of the prepared NPs and to calculate the
optical conductivity (o) using the equation (2) [26],
and the energy gap using the Tauc’s equation (3) [27]
o="= )

41 1
ahv = B(hv — E,)? 3)
where « is the absorption coefficient, ¢ is the velocity
of light, n is the refractive index, B is a constant, h is
the Planck’s constant, o is the photon frequency, and
Eq is the energy gap

3. Results and Discussion

XRD patterns of nano-colloidal solutions
prepared by laser ablation at the three wavelengths at
the highest preparation energy in this work (150 mJ)
show the formation of cubic-phase Ni NPs according
to JCPDS card no. 00-001-1260, and NiO NPs with
two dominant phases were also formed. They are
cubic for nickel oxide nanoparticles (NiO NPs)
according to JCPDS card no. 47-1049 and hexagonal
for nickel trioxide nanoparticles (Ni2Oz NPs)
according to JCPDS card no. 00-01-0481, as in Fig.
(2). The appearance of oxides and other additional
peaks is due to the interactions between the extracted
nickel and the surrounding liquid, in addition to the
difference in molecular pressures in the preparation
space due to laser energy, where the preparation
process took place in the air. Table (1) summarizes
the results of XRD analysis and shows that the
average sizes of NPs calculated using Eq. (1) are
27.6, 26.5, and 29.84 nm, for the samples prepared at
wavelengths of 1064, 532, and 355 nm, respectively.
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It turns out that using the wavelength of 532 nm led
to the production of NPs with a smaller average size,
meaning that using a shorter wavelength (532 nm)
caused an increase in laser flux, which in turn caused
a decrease in the average size of the resulting NPs, as
in [9]. Continuing to increase the laser energy flux
using the shorter wavelength (355 nm) of the
laser, led to the NPs aggregation, which led to an
increase in their average sizesas a result of an
increase in the ablation rate.

o Ni
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< (200)
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A (111)
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Fig. (2) XRD patterns of prepared NPs at 150 mJ

The FE-SEM analysis of nano-colloidal solutions
prepared at the energy of 150 mJ, which is shown in
figures (3), (4), and (5) using wavelengths of 1064,
532, and 355 nm, respectively, shows the average
diameters and the morphology of the prepared
samples, and at scales of 100 nm and 10 pm, where
the average diameters of the prepared NPs are 76.6,
11.35, and 19.9 nm using wavelengths of 1064, 532,
and 355 nm, respectively. The scale of 100 nm shows
the average diameters of the prepared NPs, while the
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other scale (10 wm) shows its shape in addition to the
resulting agglomerations, and this magnification
image shows good contrast of the structure. This is
consistent with what was stated in the results of the
XRD analysis, where the average sizes of NPs were
smaller when prepared using 532 nm of laser
radiation.

D1 =19.90 nm

D1 = 76.60
SEM MAG: 350 kx WD: 5.01 mm Lilin

Det: SE SEM HV: 15.0 kV 100 nm

SEM MAG: 350 kx WD: 4.92 mm
Det: SE SEM HV: 15.0 kV 100 nm

-
SEM MAG: 5.00 kx WD: 5.01 mm
Det: SE SEM HV: 15.0 kV 10 ym

Fig. (4) FE-SEM images of prepared NPs using 532nm with
scale of (a) 100nm, (b) 10pm
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Det: SE SEM HV: 15.0 kV 10 pm

Fig. (3) FE-SEM images of prepared NPs using 1064nm with
scale of (a) 100nm, (b) 10pm

D1 =11.35 nm

SEM MAG: 350 kx WD: 4.91 mm | |
Det: SE SEM HV: 15.0 kV 100 nm
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Fig. (5) FE-SEM images of prepared NPs using 355 nm with
scale of (a) 100nm, (b) 10pm
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The elemental compositions of the samples
prepared using an energy of 150 mJ were analyzed.
They showed an increase in oxidation rates consistent
with what appeared in the results of XRD analysis, as
in figures (6), (7) and (8), where the source of oxygen
(O) in these figures is the oxidation resulting from the
surrounding environment, as the ablation process did
not take place in a vacuum, and it may result from the
environment surrounding the EDX device itself, in
addition to the fact that the preparation medium is
ethanol which containing the oxygen element. The
weight percentages, atomic percentages, and k-ratio
of oxygen increased with laser fluence by decreasing
the laser wavelength used to prepare the samples and
were calculated based on the weight and atomic
percentages and k-ratio of Ni as in table (2).

Fig. (7) EDX spectrum of NPs prepared using 532 nm
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Fig. (8) EDX spectrum of NPs prepared using 355 nm

The results of FTIR measurements included an
analysis of all samples prepared using wavelengths of
1064, 532, and 355 nm, as in figures (9), (10), and
(11), respectively, from which the effective groups
consisting of O-H, O-H-O, and C-O bonds are
evident in all spectra representing samples prepared
in ethanol. The occurrence of some slight shifts and
differences in absorption intensity was noted as a
result of the effect of laser parameters, and the effect
of nickel NPs and its oxide, where the shapes show
bending and stretching vibrations around 400 and 600
cmt, which are the result of Ni-O (which is the focus
of this study). This result is consistent with [28] and
[29].

T%

Fig. (9) FTIR spectrum of NPs prepared using 1064nm (Green
150mJ, Red 100mJ, Blue 50mJ)
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Fig. (10) FTIR spectrum of NPs prepared using 532nm (Green
150mJ, Red 100mJ, Blue 50mJ)
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Fig. (11) FTIR spectrum of NPs prepared using 355nm (Green
150mJ, Red 100mJ, Blue 50mJ)

Figures (12), (13), and (14) represent the
absorption and optical conductivity spectra, in
addition to the energy gap, of the prepared NPs using
wavelengths of 1064, 532, and 355 nm, respectively.
These figures, in general, show that the absorbance
increases with increasing laser energy for all
wavelengths used, in addition to the broadening of
the peak width. The appearance of these peaks
representing SPR around the wavelength of 295 nm
is attributed to the frequency of the incident light
photons matching the frequency of the surface
electrons of the NPs. This is attributed to the coloring
of the resulting solution and growth in intensity with
increasing laser fluence as a result of increasing the
laser energy and thus increasing the concentration of
NPs in the solution, which in turn means increasing
the number of extracted NPs. This works to increase
the absorbance as these NPs have the property of
increasing the surface-to-volume ratio, so they are
highly effective, and as a result, the absorbance
increases. The results show that the optical
conductivity of the prepared NPs peaks
approximately in the SPR region, and its value is
affected by changing the ablation parameters, as it
increases with increasing preparation energy. Since
the optical properties of materials, in general, depend
on their structural properties, the optical energy gap
of the prepared samples was calculated as a result of
changing the composition of the samples, as the
appearance of the metal oxide NPs detected in the
XRD analysis of the prepared samples means the
formation of an energy gap for them. Energy gap
values were 3.9-3.89 eV, 3.42-3.38 eV, and 3.56-3.42
eV for NPs prepared using the wavelengths of 1064,
532, and 355 nm, respectively. It was observed that
their values decrease when the laser energy is
increased, that is, the conductivity of nanoparticles
increased with the increase in their acquisition of the
applied energy.
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Fig. (12) UV-visible spectrophotometry analysis of prepared
NPs at 1064nm (a) Absorbance, (b) Optical conductivity, and
(c) Energy gap
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Fig. (14) UV-visible spectrophotometry analysis of prepared
NPs at 355nm (a) Absorbance, (b) Optical conductivity, and (c)
Energy gap

Fig. (13) UV-visible spectrophotometry analysis of prepared
NPs at 532nm (a) Absorbance, (b) Optical conductivity, and (c)

Energy gap

By analyzing the results of the optical properties,
it becomes clear that the optimum wavelength for
preparing nickel and nickel oxide NPs within the
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current working environment is 532nm, which
resulted in obtaining smaller average sizes. This was
observed in XRD and FE-SEM results.

4. Conclusion

PLAL technique has proven its ability to prepare
NPs and its superiority over other techniques in terms
of speed, ease, low cost, and the possibility of
controlling the physical properties of the prepared
NPs by controlling the ablation parameters. It was
shown that shorter laser wavelength and higher laser
energy used for the preparation of Ni and NiO NPs
led to an increase in the oxidation rate and an increase
in the concentration of the NPs and thus their
aggregation. It was found that the most suitable laser
wavelength and energy for the preparation in this
study were 532 nm and 150 mJ, meaning that the
second harmonic of Nd:YAG laser was the optimum,
although the first and third harmonics of the same
laser gave good results.
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Table (1) XRD analysis results of prepared NPs

A(nm) | NPs Phase 20 (deg) | hkl | B(deg) | d(nm) D (nm) | JCPDS Card No.
NiO Cubic 3749 111 0.3 0.239609 | 27.95335 47-1049
NiO Cubic 4249 | 200 04 0.212498 | 21.30059 47-1049
1064 Ni Cubic 46.73 111 0.2 0.194157 | 43.25283 00-001-1260
Ni Cubic 52.39 | 002 04 0.174434 | 22.12533 00-001-1260
NiO Cubic 63.41 220 04 0.146514 | 23.33545 47-1049
NiO Cubic 38.41 111 0.8 0.234079 | 10.51148 47-1049
NiO Cubic 42.79 | 200 0.5 0.211077 | 17.05789 47-1049
532 Ni Cubic 45.25 111 0.3 0.200157 | 28.67761 00-001-1260
Ni Cubic 53.78 | 002 0.2 0.170249 | 44.51959 00-001-1260
NiO Cubic 62.57 | 220 0.3 0.148278 | 30.9745 47-1049
Ni2Os | Hexagonal | 66.97 | 004 0.35 0.139564 | 27.2042 00-01-0481
NiO Cubic 3745 111 04 0.239856 | 20.96253 47-1049
NiO Cubic 4339 | 200 0.15 0.208296 | 56.9773 47-1049
355 Ni Cubic 44.75 111 0.2 0.202277 | 42.93874 00-001-1260
Ni2Os | Hexagonal | 56.17 | 202 0.1 0.165099 | 12.82479 00-01-0481
NiO Cubic 6217 | 220 0.1 0.148641 | 1547332 47-1049

Table (2) EDX analysis results of prepared NPs

A(nm) | Element | k-ratio | Weight (%) | Atomic (%)
1064 O 48.84 20.65 0.00515
Ni 51.16 79.35 0.03938
532 0 76.95 47.64 0.00447
Ni 23.05 52.36 0.00804
355 0 93.56 79.83 0.01501
Ni 6.44 20.17 0.00481
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