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Abstract

This study explains how nickel oxide (NiO) nanoparticles are made using a plasma
jet method at normal air pressure, using a direct current (DC) power supply set to a
steady voltage of 13 kV. The properties of the plasma were studied using optical
emission spectroscopy (OES) while changing the flow rates of argon gas to 0.25,
0.75, 1.75, and 2.25 L/min over a period of 6 minutes. NiO thin films were deposited
on glass substrates and annealed at 270 °C. UV-visible spectroscopy confirmed the
optical properties of the NiO nanoparticles, revealing a marked decrease in the
energy band gap from 4 eV to 2.5 eV with an increase in gas flow rate. X-ray
diffraction (XRD) analysis demonstrated that the films possessed a polycrystalline
structure with a cubic crystal system. Atomic force microscopy (AFM) analysis
showed that as the argon flow rates increased, the surface became rougher and the
average size of the particles got smaller. This work shows that the plasma jet system
is a new, fast, environmentally friendly, and scalable way to make high-purity NiO
nanoparticles that have better optical properties. These results suggest promising
applications of NiO nanoparticles in photovoltaic devices, solar cells, and other
optoelectronic devices.
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1. Introduction

Plasma produced at atmospheric pressure is a source of spectral light emission,
essential for spectroscopy performed by an argon gas flow [ 1]. Metal oxide nanostructures
have become a focus of scientific research because their properties are greatly influenced
by their size and shape. As these dimensions vary at the nanoscale, nanostructures exhibit
unique behaviors and properties, such as variable electrical, optical, and chemical
properties, making them highly valuable for a variety of applications. This size and shape
dependence allows scientists to tailor these materials for specific uses, such as sensors,
catalysts, and energy storage devices. Their high surface-to-volume ratio makes them
promising candidates for various sensing applications, including gas, optical, humidity,
and biosensors [2, 3].

Describes plasma jet electrolysis technology involving plasma electrodes operating
in an atmospheric environment. In this process, the "plasma region" refers to the area
around atoms where plasma is present, allowing atoms or molecules to interact with the
charged particles (electrons and ions) within the plasma. These interactions can lead to
changes in the atoms or molecules’ behavior, often resulting in modifications to their
chemical or physical properties.

The cathode plays a central role in fabricating nickel oxide (NiO) nanoparticles,
while the anode is made from a strip of nickel immersed in a liquid-gaseous medium.
Plasma is applied to initiate fluid transformations within this medium. This setup, known
as the analytical media system, serves as a baseline or "blank" device for observing
reactions [4, 5]. The plasma electrode is electrically connected to a system containing
both electrons and ions, enabling electrolysis to occur. During this process, multiple
reactions take place, one of which includes visible changes, such as the gradual color shift

© 2026 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).

76



mailto:tabarak.f@sc.uobaghdad.edu.iq
https://creativecommons.org/licenses/by/4.0/

Iraqi Journal of Physics, 2026 Tabarak F. Orabi and Kadhim A. Aadim

in the gas over time, indicating ongoing chemical changes. NiO nanocrystals are
generated by exposing nickel metal to argon plasma for 6 minutes.

Nanoparticles have recently attracted interest because of their uses and properties
[6,7]. Plasma jet technology offers many advantages, including environmental
friendliness, affordability, and the absence of expensive equipment requirements. Its
potential applications include visible light stimulation of photo degradation of organic
pollutants [8]. The optical properties of nano particles generated by plasma jets have also
been investigated. The purpose of this study was to validate the use of plasma jets in
determining the crystalline structure and purity of nickel phases in nanoparticles produced
under atmospheric pressure [9-11]. Plasma jets, consisting of pure nickel atoms
surrounding the plasma, were analyzed to confirm their structural properties. The
arrangement and structural characteristics of the nanoparticles were investigated using X-
ray diffraction (XRD) technology, which revealed rhombic crystal structures [12, 13]. In
addition, atomic force microscope (AFM) was used to examine the produced
nanoparticles [14]. Plasma produced at atmospheric pressure is a source of spectral light
emission, which is essential for spectroscopy performed by an argon gas flow [15]. This
approach is used in multiple fields, where photoemission is induced by argon gas flow
using cathode and anode electrodes, at a constant voltage of 13 kV.

Plasma properties and interactions are affected by factors such as temperature,
electron density, Debye length, and plasma frequency [16, 17]. Optical spectroscopy is
used to diagnose plasma under atmospheric pressure conditions, and emission
spectroscopy is a powerful diagnostic tool used to examine the radiation emitted by
plasma to ascertain quantitative and qualitative plasma characteristics. Such as electron
temperature (T.) using a Boltzmann diagram [18]. This research looks at the properties
of nickel oxide (NiO) made in tiny sizes using plasma jet technology, by examining its
crystal structure, particle size, how the particles are spread out, and the physical properties
that come from how it was made. The research also aims to evaluate the effect of plasma
jet technology on the quality and homogeneity of the material's nanostructure, compared
to traditional preparation methods, which contributes to a more profound understanding
of its potential use in industrial, electronic, and energy applications.

2. Experiment Work

NiO nanoparticles were synthesized using an atmospheric plasma jet, as
illustrated in Fig. 1, which shows the experimental setup for the plasma jet and optical
emission spectroscopy (OES) technique. The process used a stainless-steel tube with a
1.0 mm internal diameter and 3 cm length as the cathode, while a nickel strip (1 cm wide
and 6 cm long) served as the anode, positioned 3 cm from the cathode. This strip was
immersed in a non-ionic liquid and exposed to the plasma jet for a duration of 6
minutes at various gas flow rates. Argon gas was supplied as the discharge medium at a
5 L/min flow rate [19], with a 10 ml glass beaker containing 6 ml of nonionic water. A
constant DC voltage of 13 kV was applied to initiate the discharge. During the initial
stage, nickel oxide was generated in the form of a nano-solution, which was subsequently
converted into a nano-membrane through drop-casting at a rate of 10 drops over 3 minutes
onto a glass slide, followed by drying in an oven at 270°C.

3. Results and Discussion
3.1. Plasma Spectrum
Using a photoemission spectrometer (S3000-UV-NIR), nickel oxide plasma
spectrum for different gas flow rates (0.25L/min-2.25L/min) was obtained as shown in
Fig. 2. The spectrum displays emission lines of both atoms and ions, indicating the
presence of a variety of elements. The spectral emission of the NiO target is depicted
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utilizing the plasma jet technique. When the gas flow rate increased [20] the emission
lines increased, and this led to an increase in the number of excited electrons. It has been
determining the electron temperature, electron density, and plasma frequency shown in
Table 1, the light emission spectrum of NiO and plasma generation using plasma jet
technology were studied at a constant voltage difference of 13 kV, and for different argon
gas flow rates (0.25, 0.75, 1.75 and 2.25 L/min); the gas was flowing for 6 minutes for
each rate. The plasma spectrum of argon gas was obtained at the wavelength (550-1000)
nm, as well as with data of the spectrum of NiO recorded at the wavelength (200-400)
nm. The recorded data was analyzed and matched with data from the National Institute
of Standards and Technology (NIST) [21].
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Figure 1:. a) Schematic diagram of a DC plasma jet with accompanying optical
emission spectroscopic diagnostics. b) During the OES diagnostics, the configuration of the
plasma jet system [1].
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Figure 2: Optical emission spectroscopy was utilized to study NiO plasma's intensity and
wavelength characteristics.
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Table 1: Nickel plasma parameters at di

Tabarak F. Orabi and Kadhim A. Aadim

[ferent argon gas flow rates (0.25 to 2.25 L/min).

Flow Te FWHM | nx10V | f, x10'2 | Apx10° | Ny
(L/min) | (eV) (nm) (cm?) (Hz) (cm)
0.25 0.965 1.600 10.811 9.337 7.018 1565
0.75 0.951 1.800 12.162 9.903 6.570 1445
1.75 0.855 2.000 13.514 10.439 | 5.909 1168
2.25 0.837 2.100 14.189 10.697 | 5.705 1104

NiO thin films were prepared (nano-solution prepared using plasma jet technology)
using drop casting show in Fig.3, in an electric furnace at a temperature of 270 °C and at
different flow rates to perform optical examinations to determine the crystalline structure
of the deposited film layer using XRD and to determine crystal size with the AFM.
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Figure 3: Drop-casting technique on a glass slide in an electric oven at 270 °C.

The crystal structure and phase purity of NiO nanoparticles synthesized using
atmospheric plasma jets (APJs) were confirmed through XRD analysis. The XRD pattern,
recorded within an angle range of 20 from 20 to 80 degree for NiO nanoparticles, is
illustrated in Fig. 4. In the XRD pattern of the nanoparticles, diffraction peaks appeared
at 37.3305°, 43.25° and 62.7542°, corresponding to the NiO cubic structure and indexed
to the Miller indices (111), (200), and (220), respectively [22]. This cubic structure aligns
with previous research findings [23].
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Figure 4: XRD pattern of NiO Core/Shell NPs synthesis by plasma jet technology.
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The Debye-Scherer Eq. (1) [24] was employed to determine the nanoparticle
crystallite sizes of the NiO nanoparticles.

D(A) =

BcosO 1)

In this context, D represents the crystallite size, K denotes Scherer's constant (K=0.9), A
signifies the X-ray wavelength (2.4069, 2.0935, and 1.4794 A), and P stands for the Full
Width at Half Maximum (FWHM) in radians of the peaks measured at the 0 diffracting
angle relative to the Bragg's angle position. The NiO and nanoparticles (NPs) average
crystalline sizes were 11.6 nm and 10.0 nm, respectively. Consequently, the total average
crystallite size is calculated as 10.6 nm, as shown in Table 2. The attractive physical
forces acting between the nanoparticles bound them together or agglomerated them.

Table 2: XRD Parameters for NiO films at (0.25, 0.75, 1.75, and 2.25).
20 FWHM dui hkl Phase D Average

(Deg.) | (Deg.) | Exp.(A) (nm) D(nm)
37.3305 | 0.7203 | 2.4069 | (111) | Cub-NIO | 11.6
43.1780 | 0.8475 | 2.0935 | (200) | Cub-NIO | 10.1 10.6

62.7542 |1 0.9322 | 1.4794 | (220) | Cub-NIO | 10.0

3. 3. Atomic Force Microscopy (AFM)

NiO thin films were made by dropping a liquid solution created using a plasma jet in an
electric furnace at 270 degrees. The nanofilms prepared using the described method were
analyzed using atomic AFM [25]. Fig.5 presents 3D topographic views obtained from the
AFM and an image of the thin film. This analysis provides detailed surface morphology
and structural information about the nanofilms. The AFM image illustrates that annealing
significantly influences the surface morphology. The AFM parameters for the sample in
Fig. 5 are: RMS (Root Mean Square) of 3.296 nm, average roughness of 2.572 nm, and
an average diameter of 41.54 nm.

3D view of the surface
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Figure 5: 3D AFM and grain accumulation distribution of NiO thin films prepared by Drop
casting technology at a temperature of 270 degrees Celsius for an argon gas flow rate of
0.75L/min.
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3. 4. Optical Properties

The UV-Vis spectroscopy technique was employed to characterize the optical
absorption properties of NiO nanoparticles generated via the atmospheric plasma jets
(APJs) method. This optical method enabled a close look at how the nanoparticles absorb
light in the UV and visible ranges, providing important information about their physical
properties, such as absorbance and band gap energy. A UV-Vis spectrophotometer
operates by measuring the absorption of light by the sample. The band gap, a crucial
optical parameter, was determined through plotting experimental absorbance data, a
common technique for measuring the optical band gap of nanoparticles. The band gap
was directly measured from the cutoff by applying Planck's law [26], as depicted in Eq.

(2):
E, =—= — ?2)

where Eg is the optical energy gap, h is Planck's constant (6.626x1073 Js), ¢ is the velocity
of light (3x10% m/s), and X is the cut-off wavelength corresponding to the optical band
gap. A was determined graphically from linear region extrapolation in Fig.6, which shows
the UV—Vis absorption spectra of nickel oxide nanoparticles as a function of wavelength
at room temperature. The nickel oxide core nanoparticles were investigated using UV—
Vis absorption measurements obtained from nanoparticles synthesized by atmospheric
plasma jetting.

—— Flow =0.25 Min/L
1 —— Flow=0.75 Min/L
Flow=1.75 Min/L
0.8 —— Flow =2.25 Min/L
&
-
2 0.6
2
=]
2 0.4
-
0.2 &
0
200 350 500 650 800 950
Anm

Figure 6: Optical absorption Spectrum of nickel oxide nanoparticles.

Broad absorption peaks were observed for NPs assessed within the wavelength
range of 200 to 1100 nm. By utilizing the absorbance spectra, the absorption coefficients
of the NiO nanoparticles were determined graphically show in Fig.7, through the
application of Tauc's relationship for direct transition [27], represented by Eq. (3)

(ahv)" = A(hv — Ey) A3)
where a is the absorption coefficient, v is the incident photon frequency, A is a constant

equal to 0.9, and r is a value that depends on the nature of the transition type (r = 2) for
the allowed direct transition.
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Figure 7: the variation of absorption coefficient with wavelength for NiO nanoparticles at
different Argon gas flow rates.

The spectral analysis indicated that the absorption coefficient of all nickel oxide
nanoparticles decreases to values of 8.8 and 8.6 at flow rates of 0.75 and 2.25,
respectively, as the wavelength increases from 250 to 1100 nm. Conversely, the increase
in the absorption coefficient suggests a reduction in reflection and transmission.
Additionally, it was observed that the absorption peaks shift to higher wavelengths (lower
photon energy) as the gas flow rate increases, represented by the black lines in all figures.

A common method for determining the band gap involves plotting a graph of
photon energy (hv) in eV versus (ohv)® and extrapolating the straight line to its
intersection with the axis, as shown in Fig. 8. This figure illustrates that increasing the
argon gas flow rate from 0.25 to 2.25 L/min led to a decrease in the energy gap, reducing
it from approximately 4 eV to about 2.5 eV. For NiO nanoparticles, the energy gap values
align well with the findings reported by Aadim [27].
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Figure 8: Energy gap Optical for liquid NIO NPs.

4. Conclusions

This study monitored the formation of nickel oxide nanoparticles using a plasma
jet technique. By changing the flow rates of argon gas, we found specific absorption
peaks, which showed that nickel oxide was successfully made. The nanoparticles
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demonstrated excellent optical absorption properties, underscoring their potential for
visible light applications, particularly in photovoltaics. This synthesis method
distinguishes itself from others due to its simplicity, speed, cost-effectiveness, and
environmental sustainability, making it an attractive option for nanoparticle production.
Structural analysis, confirmed by XRD, showed that the nanoparticles were highly pure
and fully crystalline. AFM observations showed that when the argon flow rate went up,
the average size of the particles got smaller, but the surface became rougher, indicating a
change in the shape of the nanoparticles.
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