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Abstract

This study methodically investigates the correlation between plasma parameters
and the structural properties of Ni nanoparticles synthesized via pulsed laser
ablation in liquid (PLAL) at varying laser energies, 600-900 mJ. Optical emission
spectroscopy (OES) revealed that increasing laser energy enhanced plasma
ionization with electron temperature (Te) rising from 0.262 to 0.334 eV, and
electron density (ne) increasing from 5.00x1018 to 5.63x1018 cm™ due to
intensified collisional excitation. The plasma conditions directly affected the
changes in the size and shape of the crystals, showing that higher temperatures
and densities in the plasma lead to bigger and more organised nanoparticles. The
X-ray diffraction (XRD) analysis showed that both metallic nickel (Ni) and nickel
oxide (NiO) were formed, and the crystal size increased from 17.3 to 25.6 nm.
Field emission scanning electron microscopy (FE-SEM) demonstrated that, with
increasing plasma energy, nanoparticle size increased from 28.29 to 48.73 nm at
600 mJ and from 46.71 to 66.
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1. Introduction

When comparing alternative nanoparticle manufacturing technologies, plasma
offers several benefits, including reduced operating and maintenance costs, quicker
processing times, and the absence of waste or hazardous substances [1]. Pulsed laser
ablation in liquid (PLAL) has emerged as a versatile technique for synthesizing
nanomaterials with controlled structural and morphological properties [2]. Unlike
chemical synthesis methods, PLAL does not require stabilizing agents, ensuring high-
purity nanoparticles (NPs) [3,4]. This makes it advantageous for applications in diverse
fields, including biomedicine, catalysis, and energy storage [5]. Among various transition
metal oxides, nickel has attracted considerable attention due to its unique electrical,
optical, and magnetic properties [6]. These materials exhibit excellent catalytic activity,
high thermal stability, and tunable electronic structures, making them suitable for use in
supercapacitors [7], gas sensors [8], and magnetic storage devices [9].

The creation of nanoparticles in PLAL is guided by complex physical and chemical
processes that are influenced by laser settings such as pulse energy, wavelength, repetition
rate, and pulse duration. The process relies on the interaction of a high-intensity laser
pulse with a solid target immersed in a liquid. This interaction generates plasma. The
resulting ablation plume contains ionized species, electrons, and excited atoms [12]. Key
plasma characteristics, including electron temperature (Te) and electron density (ne), play
a critical role in determining nanoparticle properties. These parameters are typically
determined using the following Boltzmann equation, Eq. (1), which is derived under the
assumption of local thermodynamic equilibrium [13]:
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where /;; is the wavelength of the emitted line, N is the number density, U(T)
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represents the partition function, hvj; is the photon energy of the transition, E; is the

excitation energy of the level and kp is the Boltzmann constant.
The electron density (n¢) is determined using the following Stark broadening
equation, Eq. (2)[14]:

ne (em™>) = (%)Nr )

w
where os is the Stark broadening parameter in the standard tables corresponding to the N;
I, 361.94 nm wavelength line for the laser-induced plasma, N; is the reference electron
density, and AA is the line broadening.

The energy distribution within the plasma influences material vaporization,
nucleation, and growth, affecting the crystallite size, phase composition, and surface
morphology of the synthesized NPs [15]. Optical emission spectroscopy (OES) serves as
powerful diagnostic tool for characterizing plasma parameters during laser ablation [16].
By analyzing the emission spectra from excited plasma species, it can obtain crucial
information about the energy state of the ablated material [13], enabling correlation
between plasma conditions and final of the nanoparticles properties [17]. Understanding
these relationships allows optimization of synthesis conditions to achieve desirable
characteristics [18]. Laser-Induced Breakdown Spectroscopy (LIBS) is a powerful
analytical technique used for the immediate diagnosis of the plasma generated by the laser
ablation process. This technique relies on analyzing the spectral emissions from the high-
temperature and ionized plasma resulting from focusing a high-energy laser pulse on the
sample. LIBS allows for the measurement of fundamental plasma properties such as
electron temperature and electron density, which are derived from spectral emissions
using Boltzmann plots and Stark broadening, respectively.

The LIBS technology has significantly advanced in recent years, with recent studies
contributing to the improvement of plasma parameter measurement accuracy. For
example, research using the picosecond laser has demonstrated how to precisely control
electron density and temperature by adjusting laser parameters [19]. The developed
temporal studies have also contributed to the precise determination of Stark broadening
coefficients [20]. Additionally, LIBS technology has been applied in advanced
environmental and industrial fields, such as detecting heavy metals in soil and water using
calibration-free methodologies [21].

In this research, we use the LIBS technique as a diagnostic tool during the synthesis
of nickel nanoparticles to determine the relationship between laser energy and the
accompanying plasma properties, and then correlate it with the properties of the resulting
nanoparticles. The novelty of this research lies in developing an integrated methodology
that demonstrates, for the first time, a direct and simultaneous link between plasma
diagnostics OES and the properties of nickel/nickel oxide (Ni/NiO) nanoparticles
synthesized by PLAL. In contrasts previous studies that focused solely on post-synthesis
characterization, this work introduces a quantitative analytical system that predicts
nanoparticle characteristics (size, crystallinity, phase composition) based on in-situ
measurements of plasma parameter (Te, ne) during the fabrication process. The key
innovation is the precise control of Ni/NiO ratio through laser energy modulation (600-
900 mJ), enabled by our advanced real-time monitoring platform. This breakthrough with
programmable properties is particularly relevant for catalytic and energy storage
applications, where phase composition critically determines performance. While the
current methodology is optimized for aqueous matrices, the fundamental framework is
readily adaptable to organic solvents, as suggested by our preliminary theoretical
analysis. This adaptability will be systematically investigated in future research efforts,
addressing the scientific challenge of plasma-liquid in non-aqueous system.
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2. Experimental Work

In this investigation, LIBS was used. It is made up of an optical emission
spectrometer coupled with a laser system. The experimental setup utilized an Nd:YAG
laser (Diamond-288) operating fundamental wavelength of 1064 nm with a repetition rate
of 5 Hz, pulse duration of 8 ns and different pulsed energies (600, 700, 800, and 900 mJ)
to generate plasma. The laser spot was focused on the target through fused silica lens
positioned 10 cm from the sample surface, with precise alignment achieved by adjusting
the distance between the lens and the target.

To monitor plasma properties and determine their parameters, spectral diagnostics
were obtained from Ni metallic targets during ablation in 10 mL of deionized water. As
shown in Fig. 1, an optical fibre positioned toward the discharge point collected the
emission spectra of the plasma plume over the wavelength range 200400 nm and
directed them onto the spectrometer's entrance slit. The spectrometer (Thorlabs-CCS
100/M; Ak < 0.5 nm) was utilized with an integration time of 2 ms and a delay time of
lus to capture the plasma emission at its optimal intensity while minimizing continuum
radiation. The generated nanoparticles in distilled water were dried at 70°C on glass slides
for characterisation.
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Figure 1- Schematic of the experimental setup for (LIBS) system.

X-ray diffraction (XRD) from SHIMATZU-6000 was used to examine the
structural properties of the prepared nanoparticles with Cu-Ko emission and
monochromatic wavelength A = 1.5405 A within the diffraction angle range 20-80°. The
morphology of the prepared thin films was studied by a field emission scanning electron
microscope (FE-SEM) (Inspect F 50-FEI Com.).

3. Results and Discussions

Fig. 2 illustrate the spectroscopic patterns of plasma induced by pulsed laser at
different pulse energies from Ni target at different laser energies. The spectroscopic
emission spectra obtained using LIBS with an Nd:YAG nanosecond pulsed laser at
different pulse energies (600, 700, 800, and 900 mJ) are shown in Fig. 2. The spectra
reveal significant variations in intensity, broadening, and species distribution. The
ablation process is greatly affected by the higher electron temperature as it increases the
kinetic energy of the ablated species, which improves atomic mobility during film
formation [22]. The spectral lines identified in the emission spectra were matched with
the standard emission in the NIST database [23], as indicated by the vertical reference
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lines of neutral nickel (Ni I) emissions and singly ionized nickel (Ni II) emissions. A few
emission lines corresponding to the ionized species with low intensity compared with
those corresponding to Ni I indicate a low degree of ionization. The degree of ionization,
defined as the ratio of ionized species (Ni II) to neutral species (Ni I), is influenced by the
laser's increasing pulse energy. As the pulse energy increases from 600 — 900 mJ, the
overall intensity of spectral lines increases, indicating stronger excitation and plasma
formation by more energy deposited into the material, leading to higher plasma
temperatures. This increase in temperature enhances collisional excitation processes, as
stated by the Boltzmann distribution [24, 25].

The variation in intensities at different wavelengths can be attributed to the
differences in excitation and transition probabilities of the emitting species. More
substantial emission peaks in the ultraviolet range 200400 nm correspond to highly
excited states of nickel, which become more populated at higher laser energies. Spectral
broadening is also observed, with more pronounced effects at higher pulse energies. The
dominant emitted lines broadening mechanism is the Stark broadening due to high
electron densities in the plasma and instrumental broadening.
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Figure 2: Emitted spectra for LIBS from Ni target using different pulsed laser energies.

The Boltzmann-Plot was used to determine the electron temperature using the
emission lines of Ni I species at different laser pulse energies of 600, 700, 800, and 900
mlJ, as shown in Fig. 3. The plasma excitation temperature increased with increasing laser
energy, which reflects a more effective ionization and excitation of the plasma species
[26]. As the laser energy rises, there is a more significant amount of energy absorbed by
the material, which results in more collisions within the plasma. These collisions transfer
energy more efficiently, increasing the population of excited states and raising the overall
excitation temperature.

Higher laser energies also lead to a more intense laser-material interaction, creating
a more robust and sustained plasma plume. This increased intensity enhances the
ionization and excitation processes, raising the plasma density. A denser plasma implies
that more atoms and ions are excited, increasing plasma excitation temperature.
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Figure 3: Boltzmann-plot using nine Ni I lines emission lines at different laser energies.

Fig. 4 displays the Lorentzian fit for the emitted Ni I line of A=361.94 nm for the
laser-induced plasma from the Ni target. The line broadening at different pulse energies
(600, 700, 800, and 900 mJ) is beneficial in determining plasma density. The width of the
spectral line appeared to be broader with the increase in laser energy. This broadening is
dominated by Stark broadening and is associated with electron densities in the plasma.

The fitted Lorentzian curves effectively describe the
intensities and widths at different laser energies.
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Figure 4: Lorentzian fit for emitted Ni I, 361.94 nm line for the laser-induced plasma at
different pulse energies.

Table 1 lists the plasma parameters induced by the pulsed laser at different laser
energies of (600, 700, 800, and 900 mJ). The electron temperature increases with laser

energy, increasing from 0.262 eV at 600 mJ to 0.3
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electron temperature indicates more excellent ionization rates and enhanced excitation of
plasma species. The electron density follows a similar trend, increasing from 5.00 x 10'®
cm™ to 5.63 x 10'® cm™. A higher electron density suggests increased ionized particles
due to stronger laser-material interaction. The increased electron density contributes to
enhanced plasma shielding effects, which may influence further laser absorption.

Similarly, plasma frequency increases with laser energy since it is directly related
to electron density. The Debye length also exhibits an increasing trend with the increase
in laser energy. A longer Debye length means a weaker electrostatic shielding effect
around charged particles. This increase is consistent with rising electron temperature
since the Debye length is proportional to the square root of the temperature-to-density
ratio. The number of particles in a Debye sphere also increases. A higher number of
particles in a Debye sphere indicates an ideal plasma behaviour,

Table 1: parameters of plasma induced by laser at different pulse energies

E(mJ) | Te(eV) | Ah(nm) | n.x10"®(cm) f, x10"3 (Hz) Ap x10°%(cm) | Ny
600 0.262 2.00 5.00 2.008 1.699 103
700 0.308 2.10 5.25 2.058 1.800 128
800 0.323 2.20 5.50 2.106 1.802 135
900 0.334 2.25 5.63 2.130 1.809 140

Fig. 5 illustrates the XRD patterns of the prepared NPs through the PLAL technique
at different laser energies. The diffraction peaks are indexed to the crystallographic planes
of Ni and NiO. These peaks match the face-centred cubic (FCC) structure of metallic Ni
and the cubic structure of NiO. As the laser energy increases from 600 mJ to 900 mJ, the
intensity of the diffraction peaks associated with metallic nickel (Ni) increases,
suggesting improved crystallinity and larger crystallite sizes. The sharper peaks at higher
energies indicate increasing the crystallite size. The presence of NiO alongside metallic
Ni is evident in all the patterns, indicating partial oxidation during the PLAL process. The
NiO peaks remain less intense than metallic Ni, demonstrating that Ni is the dominant
phase.

The broad peak observed, especially at the low laser energy, indicates smaller
crystallite sizes with possible lattice strain formation. As the laser energy increases, the
peaks become less broadening and more intense due to the growth of larger nanoparticles.
This change is due to enhanced ablation at higher laser energy, leading to significant
evaporation of the target material and more development of nanoparticles. The variations
observed in the XRD patterns correlate with the plasma emission characteristics obtained
from LIBS. Increasing electron temperature and density enhances the crystallite size.
Collisions with more electrons of higher energy may heat the created seed particles inside
the plasma. The collected positive charge nanoparticles attract free electrons from the
plasma, causing an increase in the collision frequency according to plasma density. These
electrons act as heating sources during the nanoparticles' growth, delaying the cooling
and enhancing crystallization [27].

The high temperature of plasma at high energy of pulsed laser causes an increase
in oxidation, leading to the formation of nickel oxide. However, the short-lived nature of
the plasma plume and rapid cooling in the liquid medium limit the extent of oxidation,
resulting in the dominance of metallic Ni over NiO.
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Figure 5: XRD of the prepared Ni:NiO NPs using different pulse laser energies.
The inter-planar spacing (dnw) was determined using the Bragg formula, Eq. (3) [28]:

nA = ZdthSil’le (3)
where 4 is the x-ray wavelength and 6 is the diffraction angle.

The crystallite size was determined using Debye-Scherer formula, Eq. (4) [29]:

0.9
- B .cos(©) (4)
where [ is the breadth of the diffracted line at half maxima. While the lattice strain (&)
was calculated using the relation, Eq. (5) [30]:

B .cot(®)
g = (5)

Table 2 lists the XRD parameters of Ni:NiO nanoparticles synthesized using
different laser pulse energies. The crystallite size increases with higher laser energy,
where the crystallite size grows from 17.3 nm at 600 mJ to 24.9 nm at 900 mJ,
corresponding to the preferred orientation of Ni along the (111) direction. The interplanar
spacing (dnki) shows slight variations with laser energy, reflecting strain and crystal defect
changes. The data also show that higher laser energy promotes the formation of larger
and more crystalline nanoparticles while reducing lattice strain. Fig. 6 displays the top-
view FE-SEM images at two magnifications (30 kx and 120 kx) that were prepared at two
different laser energies, 600 mJ and 900 mJ. At lower laser energy, the nanoparticles
appear distributed with moderate agglomeration. The higher magnification images reveal
particles with sizes ranging from approximately 28.29 to 48.73 nm. The distribution
appears relatively uniform, although some larger aggregates are present. The lower laser
energy likely results in less intense ablation, causing smaller particle sizes due to limited
material ejection and a shorter plasma lifetime.

The images at 900 mJ energy show a greater density of nanoparticles with more
agglomeration. At higher magnification, particle sizes range from 46.71 to 66.66 nm,
indicating a broader size distribution with significant variation. The increased laser
energy leads to a more intense ablation process, producing larger particles due to
enhanced ablated substances. The elevated plasma temperature and extended plasma
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lifetime at higher laser energy merge the adjacent nanoparticles, resulting in larger
aggregates as cauliflower structures. The increase in particle size and agglomeration is
consistent with the XRD patterns, where higher laser energy resulted in larger crystallite
sizes and improved crystallinity. In addition, the increased ionization ratio (Ni II/Ni I) in
the LIBS spectra causes more oxidizing processes.

Table 2: XRD parameters of Ni:NiO NPs at different pulse laser energies.

Laser Energy (mJ) 20° FWHM | dwa (A) | D (nm) | Phase hkl &

43.2260 0.4942 2.0913 17.3 | Cub. NiO | (200) | 0.0054
444314 0.4964 2.0373 17.3 Cub.Ni | (111) | 0.0053
600 51.7593 0.4811 1.7648 18.4 Cub. Ni | (200) | 0.0043
76.1601 0.5069 1.2489 19.9 Cub. Ni | (220) | 0.0028
43.2380 0.4203 2.0907 | 20.3 | Cub.NiO | (200) | 0.0046
700 44.4434 0.4768 2.0368 18.0 Cub.Ni | (111) | 0.0051
51.7713 0.4641 1.7644 19.0 Cub. Ni | (200) | 0.0042
76.1721 0.4690 1.2488 21.5 Cub. Ni | (220) | 0.0026
37.2279 0.4129 2.4133 20.3 | Cub. NiO | (111) | 0.0053
43.2500 0.4093 2.0902 | 20.9 | Cub.NiO | (200) | 0.0045
800 44.4554 0.4217 2.0363 20.4 Cub. Ni | (111) | 0.0045
51.7833 0.4206 1.7640 | 21.0 Cub. Ni | (200) | 0.0038
62.8087 0.4512 1.4783 20.6 | Cub. NiO | (220) | 0.0032
76.1841 0.4260 1.2486 | 23.7 Cub. Ni | (220) | 0.0024
37.2399 0.3825 2.4125 21.9 | Cub.NiO | (111) | 0.0050
43.2620 0.3590 2.0896 | 23.8 | Cub.NiO | (200) | 0.0040
900 44.4674 0.3454 2.0358 24.9 Cub. Ni | (111) | 0.0037
51.7953 0.3819 1.7636 | 23.1 Cub. Ni | (200) | 0.0034
62.8207 0.3658 1.4780 | 25.5 | Cub. NiO | (220) | 0.0026
76.1961 0.3940 1.2484 | 25.6 Cub. Ni_ | (220) | 0.0022

Figure 6: Top view FE-SEM images of the prepared Ni:NiO films at (a) 600 mJ and (b) 900
mJ pulse laser energies.
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4. Conclusions

This study successfully establishes a quantitative correlation between laser pulse
energy and the characteristics of both the generated plasma and the synthesized Ni/NiO
nanoparticles. The LIBS spectra show a clear dependence on laser pulse energy, with
higher energy leading to enhanced emission intensity, a higher ionization ratio, a higher
excitation temperature, and a higher electron density. The ablation efficiency increased
with higher laser energies. The increase in electron temperature and density led to more
collisions, thereby improving the energy transfer to suspended particles. Additionally,
plasma shielding effects may become more pronounced at higher energies, influencing
subsequent laser-material interactions and enhancing crystallinity and larger-particle
growth during nanoparticle formation. The joint analysis of OES and XRD demonstrates
the precision of PLAL in controlling nanoparticle properties. Compared to chemical
manufacturing methods, this methodology provides better control over purity and phase
composition, making it suitable for catalytic applications where phase purity is critical.
Laser energy significantly affects the morphology, average particle size, and aggregation
behaviour of the synthesized nanoparticles. At lower energy, the particles are smaller and
less aggregated; at higher energy, they are larger and more aggregated. The variation in
crystalline structure and surface morphology directly influences physical and functional
properties. Decreased crystallite size enhances surface morphology by particle
aggregation and porosity, which is crucial for specific applications such as sensors and
biomedical fields.
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