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Abstract. A sustainable ligand-free pulsed laser ablation in liquid (PLAL) strategy was used to 

synthesize nickel oxide nanoparticles (NiO-NPs) inside a chickpea extract liquid medium. A Nd:YAG 
pulsed laser was operated under constant laser parameters, including a wavelength of 1064 nm, pulse 
duration of 8 ns, and repetition rate of 8 Hz. The effect of laser fluences (LFs), ranging from 7.53 to 
37.67 J/cm², on the structural, morphological, and optical characteristics of the synthesized NiO-NPs 
was determined. Transmission electron microscopy (TEM) and selected area electron diffraction 
(SAED) analyses revealed chemically stable, spherical NPs with an average diameter of ~11.6 ± 1.1 
nm and polycrystalline structure. Ultraviolet-Visible (UV-Vis) spectroscopy exhibited a strong 
absorption band at ~261 nm with a bandgap (Eg) of ~4.15 eV. The slight reduction in Eg with increasing 
LF was accompanied by enhanced band-edge absorbance and higher crystallinity, confirming the 
successful incorporation of bioactive capping compounds during laser-induced synthesis. Fluorescence 
spectra displayed a blue emission at ~450 nm with lifetime decay values increasing from 5.57 μs at the 
lowest LF of 7.53 J/cm² to 6.97 μs at higher LFs, indicating modified charge-carrier dynamics. The 
optimized NiO-NPs showed the scalability of chickpea phytochemical-assisted PLAL as a green and 
scalable route for creating multifunctional biofunctionalized metal oxide NPs. Thus, this work offers a 
sustainable and scalable route for developing high-performance, biofunctionalized NiO-NPs with 
tunable structural and optical properties suitable for next-generation optoelectronic applications.  
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Introduction 
 

A diverse array of nanoscale components, including carbon-based nanomaterials (CNMs), metal oxide 
nanoparticles (MNPs), and polymer nanocomposites (NCs) has been examined for the absorption, 
decomposition, and mineralization of persistent dye contaminants [1, 2]. MNPs/NCs have distinguished 
themselves as high-performance photocatalysts due to their tunable band-gap energies, exceptional 
surface reactivity, and structural adaptability, which offer superior light-harvesting, charge separation, 
and redox conversion efficiencies [3]. The strong optoelectronic properties of MNPs, including Au, Ag, 
Cu, TiO2, ZnO, and NiO, have attracted significant attention for their ability to degrade persistent organic 
contaminants and destroy cell membranes [4-6]. Among these MNPs, nickel oxide (NiO) is distinguished 
as a flexible and sustainable photocatalyst due to its broad bandgap, low intrinsic toxicity, chemical 
durability, and multifunctional physicochemical properties across optical and electrical spectrums [7,8]. 
NiO-NPs have further been exploited in electrochemical storage systems, gas sensors, and transparent 
optoelectronics due to their defect-mediated charge transport and outstanding photostability [9]. 
Nonetheless, traditional methods for generating NiO-NPs like sol-gel, hydrothermal (HT), co-
precipitation, and microwave-based approaches depend on hazardous precursors, multi-step processes, 
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and high temperatures, which restrict scalability and compromise environmental sustainability [9,10]. 
Consequently, the development of green and sustainable synthesis strategies that integrate 
morphological precision, reproducibility, and ecological safety has emerged as a pivotal research frontier 
in modern NMs science [11]. 

 
Earlier, pulsed laser ablation in liquid (PLAL) had been demonstrated as a clean, cost-effective, and no-
ligand technique for generating highly pure NPs with controllable geometries and composition [11-13]. 
This technique enables the exact adjustment of nanoparticle size and morphology through the utilization 
of customizable laser parameters, such as fluence, pulse duration, and repetition rate [14]. Incorporating 
PLAL with a bioactive or plant-derived medium offers an eco-friendly aspect by substituting synthetic 
stabilizers with organically sourced reduction agents [15]. In addition, NiO-NPs have exhibited significant 
antibacterial efficacy against gram-positive and gram-negative bacterial strains, broadening their utility 
in water treatment and purification technologies [16]. Khairnar et al. [17] developed NiO-NPs that could 
break down MB and rhodamine B, attaining a decomposition efficiency. These results confirmed the 
effectiveness of NiO-NPs, establishing them as viable multifunctional materials for sustainable 
optoelectronic applications.  

 

Here, we provided an eco-friendly method for creating nickel oxide nanoparticles (NiO-NPs) using the 
PLAL. The bioactive constituents of the chickpea extract (e.g., polyphenols, proteins, and flavonoids) act 
as natural reducing and capping agents promoting the controlled nucleation, growth, and stabilization of 
NiO-NPs. The synthesized NiO-NPs were comprehensively characterized in terms of their optical 
absorption behavior, crystallographic structures, and nanoscale morphology. These findings 
demonstrated the synergistic role of laser fluence control, bioactive surface stabilization, and chemical 
structure. Thus, this work offers a sustainable and scalable route for developing high-performance NiO-
NPs for optoelectronic applications. To the best of our knowledge, PLAL using chickpea extract for the 
green synthesis of NiO-NPs has not been previously reported. 

 

Materials and Methods 
 
Materials Used 
A nickel metal target (99.9%, Sigma-Aldrich) was used for the ablation process. Pure ethanol (ET) and 
deionized water (DIW) were bought from Sigma-Aldrich. Fresh chickpeas (CP) were obtained from a 
local market in Iraq and promptly prepared to reduce oxidative destruction of compounds.  

 
Preparation of NiO-NPs 
CP extracts were carefully cleaned with purified water to eliminate surface contaminants and immersed 
at ambient temperature (~25°C) for 24 hours to promote the extraction of aqueous-soluble 
phytochemicals [15]. To achieve a clear golden-brown liquid, the particles were homogenized using a 
high-frequency rotator. The resulting mixture was then simultaneously filtered using a Whatman No. 1 
paper. A sustainable PLAL method with accurate ablation control was used to create NiO-NPs, as 
graphically illustrated in Figure 1. A cleaned Ni-based target was placed at the bottom of a glass cell 
containing 6 mL of newly extracted chickpea, being under magnetic rotation. A convex-plano lens with a 
focal length of 10 cm was used to focus a Q-switched Nd:YAG laser (wavelength of 1064 nm, pulse 
duration of 8 ns, and repetition rate of 8 Hz) onto the target surface. The laser fluence (LF) was adjusted 
from 7.53 J/cm² to 37.67 J/cm² to enhance the ablation efficiency, particle dimension, and morphological 
morphology. The duration of each ablation cycle was 20 minutes. The interaction between the laser 
beam and the target produced an intense plasma plume at the liquid-solid boundary. Fast quenching 
within short-term cavitation bubbles occurred when the high-temperature plasma released Ni ions, 
atoms, and clusters into the surrounding bioextract [18-20]. The physicochemical properties of the 
ablation medium significantly impacted crystallization, plasma confinement, and cooling dynamics, which 
eventually determined shell homogeneity. The combined effect between LF and the organic capping 
permitted fast oxidation and surface passivation, leading to uniformly distributed and defect-designed 
NiO-NPs with enhanced luminescence properties. 
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Figure 1. Schematic of the PLAL setup for the synthesis of NiO nanoparticles in chickpea extract. 

 

Characterization of NiO-NPs 
The morphology of NiO-NPs was characterized using transmission electron microscopy (Hitachi 
HT7700) operated at an accelerating voltage of 120 kV. The optical properties of sample dispersions 
were analysed using a UV-Vis spectrophotometer (Shimadzu UV-3600 Plus) over the wavelength range 
of 200-800 nm, and the corresponding optical bandgap energy (Eg) was estimated using Tauc plot 
analysis. The pure chickpea liquid medium was used as the baseline/reference spectrum. Consequently, 
the intrinsic absorption of the extract was accounted for during spectral acquisition, and the resulting 
spectra predominantly reflect the optical characteristics of the synthesized NiO-NPs. Fluorescence 
properties, including CIE chromaticity coordinates and fluorescence lifetime decay, were investigated 
using a Fluoromax-4C and time-correlated single-photon counting (TCSPC) fluorescence (PTI 
QuantaMasterTM 60) spectrofluorometer at an excitation wavelength of 350 nm. 

 

Results and discussion   
 

Surface morphology 
Figure 2 (a-d) exemplifies the TEM micrographs and SAED patterns of the synthesized NiO-NPs at an 
optimal LF of 30.14 J/cm². At high magnification, Figure 2b showed uniformly dispersed and spherical 
NiO-NPs decorated with chickpea organic shells. The average particle diameter (~11.6 ± 1.1 nm) was 
determined by measuring approximately 100 individual NPs from the TEM images using ImageJ 
software, indicating excellent control of nucleation and growth kinetics under the optimized laser 
parameters. The strong influence was evidenced by the chickpea-derived biomolecules in restricting 

secondary aggregation through surface complexation with Ni²⁺ species [21]. The higher-magnified image 
(Figure 2c) revealed the unique core-shell shape with a lighter amorphous layer formed from the CP 
organic-based material encircling a darker NiO crystal core. The layer derived from phytochemical 
constituents included amino acids, phenol compounds, and carbohydrate chains, which functioned as 
organic caps and reducing agents [15]. These moieties stabilized the high-energy NiO surface by 

interacting with the –OH, –COOH, and –NH₂ functionalities. This lowered the surface resistance and 
prevented particles from bonding together [22]. This bio-assisted encapsulation created a strong hybrid 
interface that made particles more stable and offered an active surface for charge transfer. The presence 
of distinct circular diffraction rings on the surface of NiO in the SAED pattern (Figure 2d) proved that the 
NiO cores were polycrystalline [23]. These outcomes revealed that highly crystallized NiO cores 
embedded within an organic shell made of CP biomolecules were generated using the eco-friendly PLAL 
approach.  
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Figure 2. TEM images of the prepared NiO-NPs, (a) low-magnification overview, (b) particle morphology 
and size, (c) high-magnification core-shell structure, and (d) SAED patterns.  

 

Optical properties   
Figure 3 shows the UV-Vis absorption bands of the synthesized NiO-NPs at varying LFs. It should be 
noted that the UV-Vis spectra were recorded relative to the solvent rather than to a pure chickpea extract 
reference; consequently, a minor contribution from the extract’s intrinsic absorption cannot be entirely 
excluded. Future studies will include extract-only control spectra to isolate more precisely the optical 
response of the NiO-NPs. The absorption spectra exhibited two distinct optical regions, clarifying the 
evolution of NP formation, defect structure, and electronic transitions as a function of LF. The prominent 
absorption band appearing in the ~200–230 nm region corresponded to a combination of π→π and σ→σ 
transitions associated with organic molecules present in the chickpea extract (e.g., phenolic acids, 
flavonoids, and amino acids) that remain adsorbed onto the NiO surface [15]. These biomolecular 
moieties contributed to high-energy electronic transitions and acted as natural reducing and stabilizing 
agents, together enhancing photon capture efficiency and promoting homogeneous nucleation of NiO-
NPs. The absorption bands allocated ~260–262 nm (inset) were attributed to Ni–O charge-transfer 
transitions and near-band-edge excitations within the NiO lattice [24]. This feature became progressively 
redshifted and more intense with increasing LFs (7.53–37.67 J/cm2), indicating improved crystallinity, 
greater shell thickness, and a partial relaxation of the quantum confinement effect. The steady 
enhancement of absorption intensity indicated a higher population of optically active sites and a stronger 
electronic coupling between the NiO lattice and bio-organic capping species. In addition, the spectra 
revealed a gradual and broad absorption tail that arises from defect-mediated sub-band-gap states 
associated with oxygen vacancies (V₀), nickel interstitials (Niᵢ), and surface disorder [25,26]. These 
defect levels acted as intermediate energy states that promoted photon absorption and facilitated charge 
carrier separation, which are beneficial for optoelectronic applications such as photodetectors and light-
emitting devices.Thus, the spectral features confirmed that LF modulates the crystalline order, defect 
density, and optical response of the NiO-NPs.  
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Figure 3. UV–Vis absorption spectra of NiO-NPs synthesized at different LFs (Insets (top right) show 
peak shift with increasing fluence) 

 
Furthermore, the observed redshift and enhanced absorption intensity with increasing LF signify that 
higher ablation energies provide oxide formation and grain growth, causing a decrease in the optical 
energy bandgap (Eg) and improving photon-matter interactions. Effective optoelectronic performance 
depends on structurally adjustable NiO-NPs with improved light-harvesting features, which were 
achieved through the interaction of laser processing and biomolecular capping. The Eg of the prepared 
NiO-NPs was determined using the Tauc relation [38].  

 
(αhν)2 = A(hν−Eg)               (1) 

 
where α denotes the absorption coefficient, hν represents the photon energy, and A is a proportionality 
constant. Figure 4 shows the plots of (αhν)² versus hν. The direct Eg values were obtained by 
extrapolating the linear portion of the curve to the photon energy axis. 
 
The calculated optical Eg values ranged from 4.15 to 4.19 eV, which are consistent with previously 
reported values of NiO-NPs [27]. The experimental uncertainty associated with the linear extrapolation 
of the Tauc plots was estimated to be approximately ±0.05 eV; accordingly, the small variation in Eg 
observed across the different LFs (4.15–4.19 eV) indicates a relatively stable Eg with only minor fluence-
dependent modulation. As LF increased, there was a slight reduction in Eg, demonstrating improved 
crystallinity and quantum-confined effects. Furthermore, the optical transition energy may vary gradually 
due to the existence of interface-bound organic compounds and defect states, which could affect the 
electronic density of states within the conduction band. The tailoring in Eg illustrated that LF was a 
significant factor for manipulating the electronic structure of NiO allowing the precise optimization of its 
optoelectronic and photocatalytic properties. Eg increased band-edge absorbance and higher 
crystallinity, revealing the successful incorporation of bioactive capping compounds with laser-induced 
synthesis to produce superior NiO-NPs for UV wastewater treatment.  
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Figure 4. Tauc plots of (αhν)2 vs. photon energy for NiO-NPs at various LFs.  

 

Fluorescence features of NiO-NPs 
Figure 5 displays the FL emission spectra of NiO-NPs synthesized in the chickpea extract medium under 
varying LFs. The spectra exhibited a prominent blue emission positioned at ~446 nm, affirming the 
existence of multiple electronic transitions in the NiO-NPs. The predominant emission was attributed to 
radiative recombination between defect-related Eg levels and localised Ni2+/Ni3+states, which is 
characteristic of nonstoichiometric NiO and oxygen vacancies connected to the surface [26,27]. The 
emission intensity was found to be strongly dependent on LF; the untreated sample (0 J/cm2) exhibited 
the highest FL intensity, which eventually decreases as fluence increases up to 37.67 J/cm2. The gradual 
decrease in FL intensity signified fewer radiation-free recombination, attributable to increased crystalline 
structure and superior structural ordering at the higher LF. At lower fluences (≤15.07 J/cm2), significant 
blue luminescence was produced due to a larger density of surface imperfections and oxygen shortages 
caused by incomplete oxidation. In contrast, increased fluences (≥22.65 J/cm2) induced localised thermal 
annealing and defect elimination within the NiO lattice, lowering luminescence and enhancing charge 
carrier transport. The chickpea-derived biomolecules significantly contributed to defect modulation via 
acting as natural surfactants. interacting with surface Ni ions through –OH and –COOH groups and 
stopping too much charge from being trapped [28,29]. Interaction surface Ni ions through functional 
groups (such as –OH and –COOH) reduced excessive charge trapping, decreased shallow trap states, 
and enhanced electronic coupling between Ni and O orbitals [28]. Hence, the simultaneous effects of LF 
optimization and biomolecular stabilization refined the electronic structure of NiO, leading to more 
efficient charge separation, which is favorable for optoelectronic device performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

e-ISSN 2289-599X | DOI: https://doi.org/10.11113/mjfas.v22n3.5624                                                                                                                        692 

 

Ubaid et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 686-695 

Figure 5. Fluorescence emission spectra of NiO-NPs at different LFs. Insets: (top-left) photographs of 
the samples under UV light; (top-right) FWHM of the emission peaks.  

 

Figure 6 shows the time-resolved FL decay profiles of NiO-NPs to evaluate carrier recombination 
dynamics in the chickpea-assisted NiO-NPs. All samples exhibit bi-exponential decay behavior, 
indicative of two dominant recombination pathways: (i) (i) fast decay related to surface defect-mediated 
transitions and (ii) slow decay corresponding to bulk radiative recombination. The average FL lifetime (τ) 
for the CP alone was 6.24 μs, whereas the NiO-NPs synthesized at different LFs exhibited τ values 
between 5.57 and 6.97 μs. An increase in lifetime from 5.57 μs (7.53 J/cm2) to 6.97 μs (37.67 J/cm2) 
indicated a suppression of non-radiative recombination processes due to defect passivation and 
enhanced crystallinity at optimal fluence. The slight reduction in τ indicated the onset of localized heating 
and potential surface defect reformation at excessive fluences (>22.65 J/cm2). The alterations in the 
lifetime were dependent on the charge carrier dynamics in NiO-NPs, those were influenced by 
customized LF. Optimized samples correlated with diminished FL intensity and displayed a longer 
lifetime, signifying enhanced charge separation and less recombination of photoinduced carriers. Due to 
their longer carrier lifetime, defect-mediated blue emission, and spectral stability, the bio-capped NiO-
NPs were considered promising candidates for eco-friendly, luminescent nanomaterials for 
optoelectronic applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Time-resolved fluorescence decay and carrier lifetimes of NiO-NPs obtained at various LFs 

 

CIE Chromaticity coordinates 
Figure 7 discloses the CIE chromaticity spectrum of NiO-NPs samples that were in the blue–cyan area. 

This confirmed blue emission is associated with electronic transitions where Ni2+ changes to Ni³⁺ [30]. A 
slight shift of the CIE coordinates was observed toward a greenish-blue spectrum with increased LF, 
indicating minor alterations in defect concentration and recombination mechanisms. The customization 
of this color further verified the impact of LF on the structure of the electronic bands and defect-
associated optical changes of NiO-NPs. The relatively stable emission colour across all samples 
demonstrated that the CP bioextract successfully preserved electronic homogeneity despite laser-
induced structural evolution.  
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Figure 7. CIE 1931 chromaticity diagram with color temperature contours for NiO-NPs at various LFs. 
 

Table 1. Optical characteristics of NiO-NPs as a function of laser fluences. 

 
 

 

 

 

 

 

 

 
 
 
 

 
 

Conclusion 

 
The current research developed an economical and reproducible PLAL-based route for producing 
biofunctionalized NiO-NPs using chickpea extract as a natural stabilizing medium. The production 
provided exceptionally crystallized NiO encircled by a bio-organic outer layer, exhibiting a homogeneous 
shape, a smaller Eg and modified electronic properties. The polycrystalline arrangements of NiO phase 
with an average size of ~11.6 ± 1.1 nm were verified by TEM and SAED analysis. The UV-Vis spectra 
showed a reduced Eg of ~4.15 eV, demonstrating that the material was capable of absorbing better light. 
The fluorescence measurements exhibited a strong blue emission ~446 nm with the time-resolved decay 
durations ranging from 5.57 to 6.97 μs. Thus, the proposed green synthesis route provided an eco-
friendly and cost-effective platform for producing biofunctionalized NiO-NPs with tunable structural and 
optical properties, making them promising candidates for future optoelectronic and photonic applications.  
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Sample 
code 

LFs 
(J/cm2) 

Absorption 
peak  
(nm) 

Eg 
(eV) 

FL 
peak 
(nm) 

FQY CP 
(%) 

CCT 
(K) 

Lifetime 
decay 
(μs) 

CP-N1 7.53 260 4.19 442 0.037 53.53 7214 5.57 

CP-N2 15.07 261 4.15 446 0.031 51.37 5854 6.94 

CP-N3 22.65 262 4.16 444 0.038 53.28 6988 6.97 

CP-N4 30.14 262 4.15 443 0.037 52.11 6360 6.89 

CP-N5 37.67 262 4.18 445 0.04 52.61 3661 6.78 
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