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Significant research attention has been directed toward nanomaterials because of their 

broad utility in diverse fields. The techniques used for their synthesis play a pivotal role 

in defining their resultant physical and chemical characteristics. In this study, nanoscale 

nickel oxide (NiO) particles were synthesized using a plasma jet technique. The plasma 

jet method represents an innovative, fast, and solvent-less pathway for nanoparticle 

fabrication. This stands in stark contrast to traditional approaches like sol-gel and 

hydrothermal processes, which are often characterized by extended reaction durations 

and the requirement for chemical precursors. This synthesis technique proves to be both 

highly efficient and readily scalable, facilitating the generation of superior-quality NiO 

nanoparticles characterized by regulated dimensions and negligible impurities. The high 

purity of the resultant nanoparticles was verified via X-ray diffraction (XRD) and energy-

dispersive X-ray spectroscopy (EDX). The XRD pattern displayed well-defined peaks at 

2θ angles of 37.19°, 43.28°, 62.69°, and 75.39°, which are indexed to the (111), (200), 

(220), and (311) planes, respectively, affirming the cubic face-centered crystalline phase 

of NiO. Application of the Scherrer equation to this data yielded an average crystallite 

size of roughly 15.67 nm. Complementary morphological studies were conducted using 

atomic force microscopy (AFM) and field emission scanning electron microscopy 

(FESEM). AFM measurements determined an average grain size of 83.10 nm. The 

FESEM micrographs further revealed that the nanoparticles possessed a spherical 

morphology, were effectively dispersed, and had a mean particle diameter of 65.30 nm. 

Optical characterization revealed that the NiO nanoparticles exhibited a direct optical 

band gap of 3.90 eV, indicating their potential for applications in optoelectronic devices. 
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1. INTRODUCTION

The unique physicochemical properties of Atmospheric 

Pressure Plasma Jets (APPJs) have generated considerable 

global research interest. The efficacy of these jets in different 

applications is governed by a fundamental interplay between 

plasma physics, plasma chemistry, and fluid dynamics [1]. 

Research has demonstrated that plasma jets are capable of 

producing a high concentration of reactive species while 

maintaining relatively low gas temperatures. As a result, they 

have been explored for numerous uses, including polymer 

etching, food sterilization, and the treatment of water and 

biological tissues [2]. In recent times, plasma-based methods 

have risen in prominence as environmentally friendly 

techniques for synthesizing nanomaterials, offering 

advantages over traditional solid, liquid, and gas-phase 

synthesis methods [3].  Nanoparticles exhibit distinct 

electronic, optical, chemical, and biological characteristics 

that set them apart from their bulk material forms. Properties 

such as electrical conductivity and resistivity, mechanical 

strength and hardness, diffusion behavior, chemical reactivity, 

and biological effectiveness differ notably between 

nanoparticles and larger-scale materials [4]. The diverse 

functionalities of nano-structured metal oxide substances, 

including their optical, magnetic, electrical, and catalytic 

properties, have attracted considerable interest. These 

remarkable attributes contribute to a wide range of potential 

applications across various fields [5].  Nickel oxide (NiO) is 

recognized for its remarkable chemical stability. Owing to its 

exceptional chemical stability, cost-effectiveness, and 

superior ion storage capacity, nickel oxide (NiO) has become 

a subject of intensive study [6]. NiO nanoparticles exhibit p-

type conductivity, attributed to their wide band gap ranging 

between 3.6 and 4.0 eV [7, 8]. These nanoparticles find use 

across multiple fields, including photocatalysis, battery 

technology, electrochromic devices, chemical sensors [9-11] 

and gas sensing applications [12]. Various synthesis methods 

have been employed to produce NiO nanoparticles. 

Conventional methods, such as sol-gel and hydrothermal 

approaches, often require lengthy processing times, complex 

chemical reactions, and post-synthesis treatments that can 

introduce impurities or alter material quality. In contrast, the 
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plasma jet method offers a novel and efficient synthesis route 

that does not rely on chemical precursors or surfactants. This 

technique enables the rapid formation of nanoparticles through 

high-energy plasma discharge in a controlled environment, 

resulting in high-purity products with minimal surface 

contamination  [13-15]. This study employs the plasma jet 

technique to synthesize nickel oxide nanoparticles, followed 

by the examination of their optical and structural 

characteristics. 

 

 

2. EXPERIMENTAL WORK  

 

The experimental setup, illustrated in Figure 1, features a 

non-thermal plasma jet operating at atmospheric pressure. The 

diagram includes an inset highlighting the jet's tip, from which 

argon gas is discharged into a beaker. Within this beaker, a 

nickel strip (7 cm × 1 cm) submerged in 5 ml of deionized 

water serves as the precursor material. With the plasma nozzle 

fixed 2 cm above the water's surface, the argon flow interacts 

with the aqueous medium, initiating surface reactions on the 

nickel strip that ultimately yield metal nanoparticles. 

Nanoparticles were generated during a 6-minute period, with 

pure argon gas (purity 99.99%)  flowing at 2 liters per minute 

and an applied voltage of 16 kV. The plasma needle was held 

vertically above the beaker where the metal strip was 

submerged in deionized water.  The operating parameters for 

the plasma jet were optimized through initial tests to ensure a 

stable plasma discharge and reproducible nanoparticle 

synthesis. These settings were found to provide a reliable arc 

generation with minimal fluctuation, ensuring effective energy 

transfer to the nickel precursor and facilitating nanoparticle 

synthesis.  The duration of plasma exposure plays a significant 

role in determining the final particle size. Extended plasma 

duration typically leads to increased particle growth due to 

prolonged nucleation and coalescence. The formation 

mechanism of NiO nanoparticles in the plasma jet process 

involves three main steps: nucleation of Ni atoms due to high-

energy plasma, growth through particle collision and 

coalescence, and subsequent oxidation upon exposure to 

ambient oxygen. After synthesizing NiO nanoparticles, thin 

films were prepared to examine their characteristics. Glass 

substrates sized 3 × 2 cm² were used and underwent thorough 

cleaning in an ultrasonic bath for 10 minutes with distilled 

water and alcohol to remove contaminants. The nanoparticle 

dispersion was then deposited onto the substrates through the 

drop-casting technique. 

 

 
 

Figure 1. A cross-sectional diagram of the experimental arrangement for the atmospheric plasma jet 

 

 

3. RESULT AND DISSECTION 

 

The crystalline structure of the synthesized material was 

examined using X-ray diffraction (XRD). This technique 

operates on the principle that X-rays diffract from crystalline 

lattices, producing a pattern that reveals the atomic 

arrangement. The crystal structure of the deposited NiO 

nanoparticles was determined by XRD, with the resulting 

pattern displayed in Figure 2. Distinct diffraction peaks were 

identified at 2θ values of 37.19°, 43.28°, 62.69°, and 75.39°. 

These peaks respectively correspond to the (111), (200), (220), 

and (311) planes, matching the known pattern for a face-

centered cubic NiO lattice as per JCPDS No. 00-047-1049 

[16]. The lack of extraneous diffraction peaks indicates that 

the produced NiO possesses a high degree of phase purity. 

These findings align well with results from atomic force 

microscopy (AFM), field emission scanning electron 

microscopy (FESEM), and EDX analyses [17, 18]. further 

confirming the quality and structure of the prepared NiO films. 

Details of the XRD peak positions and intensities are provided 
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in Table 1. 

Figure 3 illustrates the development of the surface 

topography for the NiO nanoparticles sample. The 

accompanying histogram provides information about the 

average particle size of the NiO nanoparticles, while the three-

dimensional image reveals details about the surface 

morphology and roughness. The NiO thin film, produced via 

the plasma jet technique, exhibits a uniform surface with 

grains oriented perpendicularly in an elongated form. Due to 

the high sensitivity of the AFM technique to variations in local 

surface height, surface roughness parameters such as root-

mean-square (RMS) roughness and grain size were determined 

from the AFM height data. Analysis yielded an RMS value of 

15.14 nm, a Sa roughness of 10.17 nm, and an average grain 

size measuring 83.10 nm, based on a scanned area of 4.25 μm 

by 4.25 μm. 

Figure 2. The X-ray diffraction patterns for the plasma-jet-

synthesized NiO nanoparticles 

Table 1. Overview of X-ray analysis results 

Gas 

Flow 

Rate 

(L/min

) 

2θ 

Angl

e (°) 

FWH

M (°) 

Experiment

al d-spacing 

(Å) 

Crystallit

e Size 

(nm) 

Miller 

Indice

s (hkl) 

2 

37.19 0.5582 2.4157 15 (111) 

43.28 0.4507 2.0888 19 (200) 

62.69 0.6632 1.4808 14 (220) 

75.39 0.6833 1.2598 14.7 (311) 

Figure 4 illustrates the detailed microscopic surface 

structure of NiO nanoparticles. The surface morphology was 

examined using FESEM on NiO nanoparticles synthesized via 

a plasma jet method. The image reveals the level of 

magnification applied during the FESEM analysis. Upon close 

inspection, the nanostructure appears to consist of roughly 

spherical particles, suggesting a uniform size distribution and 

good dispersion throughout the sample preparation. The 

average diameter of these nanoparticles was measured to be 

approximately 65.30 nm. Due to the agglomeration of multiple 

crystallites. The crystallite size of NiO nanoparticles 

calculated from XRD using the Scherrer equation was 15.67 

nm. This difference is common in plasma jet-synthesized 

nanoparticles and is caused by the distinction between 

crystallite size XRD and agglomerate size FESEM.  

The elemental composition of the synthesized nickel oxide 

nanoparticles was analyzed using energy-dispersive X-ray 

spectroscopy (EDX) [19]. Figure 5 illustrates the EDX 

spectrum of the NiO nanoparticles at the microscopic scale, 

accompanied by a table presenting the quantitative results. The 

analysis reveals peaks corresponding only to nickel and 

oxygen, with mass percentages of 86.86% and 13.14%, 

respectively. The EDX spectrum showed no signs of elemental 

contaminants above its detection threshold, thereby 

corroborating the synthesis of highly pure and crystalline NiO 

nanoparticles—a finding that aligns with the XRD results. It is 

important to acknowledge, however, the inherent constraints 

of the EDX technique. Its detection capability is generally 

limited to concentrations above approximately 0.1 wt.%, and 

it is less effective at identifying light elements or trace 

impurities. Consequently, the potential existence of minor 

surface adsorbates or undetectable contaminants, while 

unlikely to be significant, cannot be completely excluded. 

Figure 3. Three-dimensional image of NiO nanoparticles 

obtained by AFM, along with their size distribution 

histogram, prepared using a plasma jet 

The optical absorption properties of the synthesized NiO 

nanoparticles were investigated using UV–vis spectroscopy, 
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as shown in Figure 6. The spectrum is characterized by a 

strong absorption feature in the ultraviolet range, with a well-

defined edge near 400 nm. This prominent absorption edge 

indicates effective UV light absorption by the nanoparticles 

and points to a high degree of crystallinity and a narrow size 

distribution [20-22]. These optical characteristics are in strong 

agreement with the structural and morphological data provided 

by the XRD and FESEM results. The optical band gap energy 

was subsequently determined from this data by applying Eq. 

(1), illustrated in Figure 7. 

(αhv) = A (hv − Eg)n (1) 

In this context, α denotes the absorption coefficient of the 

material, h is Planck’s constant, ν represents the frequency, Eg 

stands for the band gap energy, A is a proportionality constant, 

and n indicates the nature of the electronic transitions (whether 

direct or indirect) in the sample [23]. The optical energy band 

gap of NiO is measured to be 3.90 eV. This widening can be 

attributed primarily to quantum confinement effects arising 

from the nanoscale crystallite size, as confirmed by XRD. 

When the particle size approaches the exciton Bohr radius, the 

electronic band structure is altered, leading to an increase in 

band gap energy. Additionally, the uniform morphology and 

low surface defect density. This value for NiO nanoparticles is 

consistent with the findings reported in references [24, 25], 

and is in good agreement with the results obtained from XRD 

and FESEM analyses.

Figure 4. FE-SEM morphology of NiO nanoparticles from plasma jet synthesis 

Figure 5. EDX spectrum confirming the elemental purity of nickel oxide nanoparticles produced by the plasma jet technique 
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Figure 6. UV-Vis absorption profile of plasma jet-

synthesized NiO nanoparticles 

 

 
 

Figure 7. Tauc plot analysis for calculating the optical band 

gap of nickel oxide nanoparticles fabricated via a plasma jet 

 

 

4. CONCLUSION 

 

In summary, the plasma jet approach establishes itself as a 

sustainable, economical, and adaptable route for producing 

high-purity NiO nanoparticles. Structural characterization by 

XRD verified the successful formation of a face-centered 

cubic crystal phase. Morphological examination using AFM 

indicated a smooth and uniform film surface, featuring three-

dimensionally perpendicular grain alignment that denotes a 

well-ordered architecture. FESEM observations confirmed a 

primarily spherical nanoparticle geometry with a propensity 

for cluster formation, while EDX spectrometry provided 

additional evidence of the material's high purity. From an 

optical standpoint, the measured band gap of 3.90 eV 

underscores the potential of these nanoparticles in 

optoelectronics and energy conversion technologies. Their 

significant transparency further positions them as promising 

candidates for ultraviolet photodetectors and specialized 

optical coatings. Moreover, the combined attributes of 

excellent crystallinity and purity render them highly 

appropriate for roles as p-type semiconductors in transparent 

electronic components and as hole transport layers in 

photovoltaic cells. Collectively, these results suggest that NiO 

nanoparticles produced via the plasma jet technique could 

offer enhanced performance and broader application potential 

compared to those synthesized by conventional methods. 

Although the primary goal of this work was to investigate 

the structural and optical properties of NiO nanoparticles 

synthesized by the plasma jet method, the long-term stability 

and batch-to-batch reproducibility were not systematically 

studied. Therefore, future work should focus on evaluating the 

aging behavior and reproducibility under varying 

environmental conditions to confirm the practical reliability of 

the synthesized nanoparticles. 
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