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Abstract. This study presents the synthesis and characterisation of zinc oxide (ZnO), copper oxide (CuO), and titanium dioxide (TiO₂) nanoparticles fabricated through Pulsed Laser Ablation in Liquid (PLAIL). A Q-switched Nd: YAG laser was utilised at wavelengths of 532 nm and 1064 nm for ablating high-purity metallic targets. Different analysis methods,  UV–Vis spectroscopy, Tauc plot analysis, Energy-Dispersive X-ray Spectroscopy (EDX), and Transmission Electron Microscopy (TEM) for analysing the generated nanoparticles’ structural and optical features. The results confirmed that the laser wavelength affects the nanoparticle properties directly. The optimally synthesised nanoparticles were obtained at 532 nm, which demonstrated stronger optical absorption, wider band gaps, smaller particle sizes, and well-dispersed quasi-spherical morphologies because of the effect of quantum confinement. While the obtained nanoparticles at 1064 nm were larger size with reduced absorption. The uniform distribution of the produced nanoparticles at 532 nm corresponds to increased band gaps of ZnO (3.45 eV) and CuO (1.90 eV), which was confirmed by TEM imaging. Furthermore, the purification and accuracy of the nanoparticles’ elemental compositions were further verified by EDX analysis. The current findings highlight the PLAIL potential as a clean and without any additional additives method for customising nanostructures that suit the applications of photocatalytic self-cleaning surfaces and other environmentally sustainable applications.
INTRODUCTION
Various nanomaterials, including metal oxides such as zinc oxide (ZnO), titanium dioxide (TiO₂), and copper oxide (CuO), represent essential materials in modern nanotechnology due to their adjustable optical, structural, and electronic characteristics [1-4]. They are potential and unique candidates for several applications, including photocatalysis, antibacterial coatings, and self-cleaning methods, due to their useful features, such as abundance, chemical stability, and environmental compatibility [5–8]. ZnO is one of the distinguished oxides, characterised by its strong ultraviolet absorption and excellent photostability; TiO₂ displayed high chemical stability and notable strength under harsh conditions, whereas the narrow band gap of CuO facilitates the activation of visible light and photocatalytic activity extending into the solar spectrum. These materials play a role in the activation the depending on the size and morphology, when fabricated at the nanoscale, such as quantum confinement and charge separation improvement, interestingly enhancing their efficiency in light-driven environmental remediation processes [9–12].
The commonly used traditional wet-chemical synthesis techniques are facing challenges, such as contaminating surfactant, toxic reagent additives, and difficulties in controlling the size of the produced particles. Conversely, the Pulsed Laser Ablation (PLAIL) is verified as a green and adjustable top-down procedure with the potential of synthesising nanoparticles with high purity without any stabilising agents or complex precursor requirements. In PLAIL, a high-intensity pulsed laser irradiates a metallic target submerged in a liquid medium, enhancing plasma formation rapidly, cavitation-bubble dynamics, and nanoparticles formation subsequently. This method allows chemical impurities elemination as well as precisely controlling the particle features via fabricated parameters of the laser, including wavelength, flowability, and duration of the pulse [13-15].
In the current investigation, highly purified metallic Zn, Cu, and Ti targets were ablated in deionised water employing a Q-switched Nd: YAG laser processing at 532 nm and 1064 nm to assess the impact of laser wavelength on the formation of nanostructures. UV–Vis spectroscopy was employed to analyse optical absorption, Tauc analysis was used for the estimation of band-gap energies, and compositional purity was confirmed via Energy-Dispersive X-ray Spectroscopy (EDX). By studying the effects of synthesis parameters on their structural and optical features, this study aims to offer a comprehensive understanding of the generation of wavelength-dependent nanoparticles and explore their applicability in photocatalytic self-cleaning purposes.
EXPERIMENTAL WORKS
Preparation and Formation of ZnO, CuO, TiO2 BY (PLAIL)
Nanoparticles were synthesized using high purity metallic materials, including  (Ti), copper (Cu), and zinc (Zn), each possessing a purity level of 99.99%. The Areej Al-Furat Company obtained these targets. Ti and Zn targets were prepared with 0.15 mm thickness, while copper targets had a thickness of 0.10 mm. Pulsed Laser Ablation in Liquid (PLAIL) was employed as the synthesis technique, and the ablation process was carried out in 100 mL of distilled deionized water (DDW) for each sample, which served simultaneously as the dispersion and reaction medium. The resulting nanoparticles were collected and stored in the same deionized water to preserve their structural integrity and prevent agglomeration.
An Nd:YAG laser system (Huafei Tongda Technology – DIAMOND-288 model, EPLS pattern) was used at wavelengths of 532 nm and 1064 nm, with a pulse energy of 1000 mJ and a repetition rate of 10 Hz.
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FIGURE 1. Depicts the experimental setup.

TABLE 1 presents the parameters and information about the experiment.
	                      Parameters
	Details

	

Laser Beam
	Power
	1000mJ

	
	Number of pulses
	Zn (500 pulse),
Cu, Ti (600 pulse).

	
	Wavelength
	532nm,1064 nm

	
	Frequency
	10Hz

	The
Materials

	Target
	Ti, Cu, Zn plate.

	
	Liquid
	Distilled deionized water (DDW).


Characterization of ZnO, CuO, AND TiO2 Prepared by Laser Ablation in Liquid
For optical characterization, a Shimadzu UV–Visible double-beam spectrophotometer (model UV-1900, Japan) was employed to investigate the optical absorption spectra of the nanoparticles. Colloidal suspensions were scanned over the wavelength range of 200–700 nanometers to determine their absorption profiles and energy-gap values.
Morphological and compositional analyses were performed using Transmission Electron Microscopy (TEM) and Energy-Dispersive X-ray Scattering (EDX). These techniques were instrumental in describing the structural and elemental properties of the nanostructures they produced.
RESULTS AND DISCUSSION
Absorption UV-Visible Analysis
     Pure oxide nanoparticles (ZnO, TiO₂, and CuOH) that have been synthesized through Pulsed Laser Ablation in Liquid (PLAIL) are shown in Figure 2 with their UV-Vis absorption spectra. The effects of two laser wavelengths on the optical properties of the samples were investigated: 532 nm and 1064 nm. Pure oxide absorption reveals that ZnO displays unique electrical transitions at particular energy levels in the UV spectrum (200–350 nm). The shorter wavelength (532 nm) offers more photonic energy, which encourages the creation of nanoparticles with improved optical activity, as can be seen by comparing the photon energies corresponding to the 1064 nm and 532 nm samples [16, 17].
Pure oxides have their strongest absorption, with a broad spectral response from the UV region to around 500 nm. The only exception is TiO₂. A sample formed at 1064 nm is less absorbent than the one made at 532 nm (solid red line) [17].
CuO, despite having a wider spectrum that covers both ultraviolet and visible wavelengths up to 600 nm (in comparison to ZnO and TiO₂, its absorption intensity is lower). Despite the fact that CuO synthesized at 532 nm has slightly greater absorption than that obtained at 1064 nm, it is less noticeable than ZnO and TiO₂..
The overall conclusion is that pure oxides exhibit greater optical absorption when synthesized at the 532 nm laser wavelength.
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FIGURE 2. Pure oxides (ZnO, TiO₂, CuO) prepared at 532 nm and 1064 nm laser wavelengths are used to obtain UV-Vis absorption spectra for pulsed laser ablated samples in liquid medium.

Energy Band Gap
Figure 3 displays the calculated energy-gap values for samples prepared at laser wavelengths of 532 nm and 1064 nm, respectively. Both particle size and oxide type play a significant role in determining the bandgap values.
When using the 532 nm laser to synthesize pure oxides, the energy gap of ZnO was 3.45 eV times greater than the bulk value of 3.37 eV [19]. The quantum confinement effect, which is caused by the reduction of particle size at this wavelength, is responsible for the increase in blue light, as it increases energy levels and widens the band gap [20]. Studies on ZnO quantum dots with size control indicate that the band gap widens as particle size decreases towards or below the exciton Bohr radius. On the other hand, the ZnO sample produced at 1064 nm had a slightly lower value of 3.35 eV because larger particles are formed to reduce the confinement effect.
At 532 nm, the energy gap of TiO₂ was 3.35 times greater than the bulk value of 3.20 eV [23] than what it was at 1064 nm. At 532 nm, the increase is due to smaller particles and larger surface area, while at 1064, refraction points to the presence of larger crystallites. Despite the relatively minor difference in band gap between TiO₂ and other materials, it still provides evidence of how much laser wavelength affects nanoscale structural characteristics.
Conversely, CuO underwent a significant transformation from the bulk state (1.40 eV) to the nanoscale. The difference in energy between 532 nm and 1064 nm resulted in a 1.90-eV increase. This widening primarily is caused by strong quantum confinement in CuO nanoparticles, where the band gap increases markedly with reduction of size. The band gap behavior of CuO nanostructures has been demonstrated to be typically between 1.7 and 1.9 eV in previous research [24, 25]. This value is slightly lower than 1064 nm and indicates the formation of particle sizes that are relatively larger.

TABLE 2. Energy gap original elements of ZnO, TiO2, CuO at wavelength 532nm,1064nm.
	Material
	λ(nm)
	E. g(eV) Bulk
	E g(eV)
	Technical Remarks

	ZnO
	532
	3.25
	3.45
	Quantum confinement effect (blue shift) due to smaller particle size at 532 nm.

	ZnO
	1064
	3.25
	3.35
	Larger particle size ⇒ slightly lower Eg compared to 532 nm.

	TiO 
	532
	3.20
	3.35
	Minor Eg variation; enhanced absorption due to higher surface area.

	TiO 
	1064
	3.20
	3.30
	Slight Eg reduction at larger particle sizes.

	CuO
	532
	1.40
	1.90
	Significant increase in Eg when reduced to nanoscale.

	CuO
	1064
	1.40
	1.80
	Slightly larger particles at 1064 nm ⇒ lower Eg.
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FIGURE 3. Energy gap of pulsed laser ablated samples in liquid medium: pure oxides (ZnO, TiO₂, CuO) prepared at 532 nm, 1064 nm laser wavelengths.

Energy Dispersive X-Ray Spectroscopy (EDX)
For the Zn samples (532 nm and 1064 nm), distinct Zn peaks were observed together with oxygen, verifying the successful formation of ZnO. Note that the Zn peak at exactly 1064 nm was much more intense, sharper, and less faint than that at approximately 532 nm; this is the wavelength-dependent nature of ZNO formation. The dissimilar laser-matter interactions at the two excitation frequencies are a significant contributor to this difference. By increasing the wavelength to 1064 nm, the metallic target is penetrated deeper into the target, and the plasma plume is expanded with a wider range of plasma temperatures. The environment promotes the growth of larger ZnO crystallites with less surface energy due to the aggregation and coalescence of ablated species in this environment. Conversely, with a shorter wavelength (532nm), photon energy is higher at 532 nm and the depth of penetration is lower than that of plasma; this increases ablation rate and makes plasma expansion more explosive. Smaller nuclei condensing into highly dispersed ZnO nanoparticles with finer grain size and narrower size distribution are produced at this wavelength due to the rapid quenching of the plasma plume, which results in a much larger particle.
At 532 nm, the structure of nanoparticles is altered by their faster nucleation and limited coalescence, leading to a higher density of surface-active sites and reduced likelihood of clustering defects. The UV-Vis spectra provide evidence that the nanoscale uniformity is closely linked to enhanced optical transparency and increased excitonic absorption. This is confirmed.In comparison to the bulk ZnO value, the observed larger band-gap value at 532 nm (3.45 eV) suggests that ultrasmall crystallites have a strong quantum confinement effect.  With a somewhat higher defect density and a smaller surface-to-volume ratio, ZnO nanoparticles produced with a 1064 nm laser, on the other hand, have the potential to produce localized energy states within the band gap and, as a result, diminish their overall optical activity.  The significance of laser wavelength in affecting nucleation processes and establishing the electronic configuration of ZnO nanostructures is underscored by these results.  Improved optical absorption and charge-transfer efficiency are the results of the finer morphology and increased purity at 532 nm, which accounts for the greater performance seen at this wavelength. These nanoparticles are therefore ideal for uses such as self-cleaning surfaces, antimicrobial coatings, and photocatalytic degradation. Furthermore, PLAIL-produced ZnO nanoparticles show shorter effective laser wavelengths than expected, according to EDX and TEM investigations, confirming the idea that these materials have adjustable optical and functional characteristics that make them suitable for environmentally friendly technological applications.
TABLE 3. Elemental composition of pure nanostructures determined by EDX analysis .
	Sample type
	Wavelength (nm)
	Elements detected by EDX
	Scientific remarks

	ZnO (single)
	532
	Zn, O
	Distinct peaks confirming the formation of pure ZnO with uniform and homogeneous nanostructures.

	ZnO (single)
	1064
	Zn, O
	Same elemental composition (Zn, O) detected, though the peaks appear weaker as a result of particle agglomeration and increased particle size.


	CuO (single)
	532
	Cu, O
	Clear Cu and O peaks observed, confirming high purity of the copper oxide nanostructures.

	CuO (single)
	1064
	Cu, O
	Identical elemental composition detected; however, the peak intensity is lower than that observed at 532 nm, indicating reduced purity or increased particle aggregation.

	TiO₂ (single)
	532
	Ti, O
	 high purity and finer nanoparticle size.

	TiO₂ (single)
	1064
	Ti, O
	Same elements, but with less intense peaks due to particle growth.


Transmission Electron Microscopy (TEM) Analysis
Figure 5 (a–c) presents TEM micrographs confirming the successful synthesis of pure ZnO, CuO, and TiO₂ nanoparticles via Pulsed Laser Ablation in Liquid (PLAIL) at a wavelength of 532 nm. The success of the shorter laser wavelength in producing nanoparticles with distinct and desired structural features is demonstrated by the different morphological aspects for each oxide that are highlighted in each image [26, 27].  The ZnO nanoparticles in Figure 5a have a quasi-spherical shape, a homogeneous spatial distribution, and little aggregation.  The creation of nanosized ZnO particles is confirmed by the strong correlation between this morphology and the increased optical behavior seen in UV-Vis and Tauc studies, which is indicated by a noticeable blue shift in the absorption edge.  It is anticipated that these nanoparticles' strong quantum confinement effect and high surface-to-volume ratio will greatly enhance their photocatalytic performance by improving surface reactivity and charge separation.
TEM images of CuO nanoparticles in Figure 5b show tiny clusters of almost spherical particles with a minor amount of aggregation, all while maintaining nanoscale dimensions. A tighter size dispersion in these results shows that PLAIL at 532 nm achieves better particle size control than traditional chemical production techniques. Particle size reduction and surface-related processes are responsible for the observed morphology, which is consistent with the experimentally measured band-gap widening (1.90 eV). As a result, CuO nanoparticles made under these circumstances have better photocatalytic activity and enhanced electrical characteristics.
CuO 532 nm
ZnO 1064 nm
ZnO 532 nm
Ti 1064 nm
TiO2 532 nm
CuO 1064 nm

FIGURE 4. Laser emission with the presence of pure oxides (ZnO, TiO2, CuO) at laser wavelengths of 532 nm and 1064 nm.

The TEM micrograph of the TiO₂ nanoparticles in Figure 5c shows an uneven shape made up of loosely joined aggregates that create a porous network. TiO₂ nanoparticles have a high surface energy and a strong interphase attraction, which causes them to adapt to one another. Nonetheless, there are nanoscale features, and the shape shown is in line with proven proof of TiO₂ photocatalytic activity. Even in partial aggregation, TiO₂ nanoparticles have effective light-induced reactivity, which makes them perfect for environmental remediation and self-cleaning coatings [26, 30].
Overall, the TEM results clearly show that producing high-quality nanoparticles in ZnO, CuO, and TiO₂ materials using 532 nm laser ablation is a productive and sustainable method.  Both optical (UV-Vis, Tauc) and compositional (EDX) investigations are consistent with the quasi-spherical, extremely small (almost aggregating) particle sizes and morphologies seen in the TEM images.  The results of structural, optical, and compositional investigations taken together show that nanoparticles synthesized at 532 nm are more pure, uniform, and functionally effective than those made at 1064 nm.
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FIGURE 5. TEM picture of pure oxides at 532 nm laser wavelengths: a) ZnO, b) CuO, and c) TiO2 nanoparticles.
CONCLUSION
Because it does not require chemical precursors or surfactants, the synthesis of ZnO, CuO, and TiO₂ nanoparticles using Pulsed Laser Ablation in Liquid (PLAIL) has proven to be an effective and environmentally benign technique.  One of the most important variables in regulating the functional and physical attributes of the nanoparticles was found to be the laser wavelength.  In contrast to the 1064 nm wavelength, which produced larger particles with relatively lesser optical activity, quantum confinement phenomena at 532 nm encouraged more uniform particle dispersion and improved optical absorption because of higher photon energy.
With stronger elemental peaks for TiO₂ and CuO at 532 nm and better crystallinity for ZnO even at 1064 nm, EDX analysis verified the successful production and high purity of all oxide nanostructures. These results were corroborated by TEM images, which showed that the 532 nm samples included quasi-spherical nanoparticles with little agglomeration. The higher band gaps determined by UV-Vis and Tauc analyses—3.45 eV for ZnO and 1.90 eV for CuO—indicate improved optical characteristics, which are directly correlated with the uniformity and accurate size distribution seen at this wavelength. The chemical purity and nanoscale integrity of the produced materials are further supported by strong elemental signals in the EDX spectra.
All things considered, morphological, structural, and optical data show that 532 nm irradiation creates excellent nanostructures with outstanding antibacterial and photocatalytic capabilities.  These findings demonstrate how exact tuning of nanoparticle size, shape, and electronic characteristics is made possible by meticulous control of laser parameters, increasing the functional adaptability of these particles in a range of applications.
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