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Abstract
Nanotechnology focuses on the creation and application of materials at the nanoscale, where nanoparticles exhibit unique physicochemical properties due to their high surface area-to-volume ratio. Among these, zinc oxide (ZnO) based nanomaterials have gained significant attention due to the abundance of zinc and the ease of integrating ZnO into various nanostructures. Since the advent of nanoscience, ZnO has been widely utilized in fuel cells, solar cells, water purification, and biomedical applications, existing in diverse forms such as nanoparticles, nanowires, and nanofibers. ZnO nanoparticles, in particular, have attracted extensive research interest due to their wide bandgap and exceptional exciton binding energy, which contribute to their enhanced optical, electronic, and catalytic properties. Compared to their bulk counterparts, ZnO nanoparticles offer superior performance while reducing material consumption and production costs. This review provides a comprehensive analysis of the synthesis techniques, structural characteristics, and diverse applications of ZnO nanoparticles, highlighting recent advancements and future research directions in this rapidly evolving field.
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1. Introduction
Zinc oxide has been extensively studied in recent years among metal oxide nanoparticles due to its unique mechanical, optical, magnetic, and chemical properties, which significantly differ from those of its bulk counterpart[1]. Nanotechnology is currently utilized across various scientific domains. Nanoparticles (NPs) have been functionalized at the nanoscale using diverse techniques. As a broad class of materials, nanoparticles consist of particles with at least one dimension smaller than 100 nanometers[2]. ZnO nanoparticles exhibit distinct chemical and physical properties, including superior optical and chemical stability, natural abundance, paramagnetism, a broad radiation absorption range, and a high electrochemical coupling coefficient[3]. Nanostructured zinc oxide nanoparticles have attracted significant attention due to their well-established applications in photonics, optics, and electronics. Their high pyroelectric and piezoelectric properties, resulting from the absence of a center of symmetry in the wurtzite structure and their strong electromechanical coupling, make them suitable for use in piezoelectric detectors and mechanical actuators. Additionally, zinc oxide possesses a wide bandgap (3.370 eV), which is characteristic of standard compound semiconductors and enables its application in various fields. ZnO nanoparticles are employed in power generators, solar cells, ultraviolet (UV) lasers[4], gas sensors[5], photocatalysts, field emission devices, and capacitors.[6]
Additionally, ZnO can be utilized in eczema treatment, wound healing for cosmetic applications[7] , antibacterial agents, sunblock lotions, anti-hemorrhoid treatments, photo printing, electrophotography, transparent UV-resistant coatings, nanoscale electrochemical and electromechanical devices, and even in human medicine[8]  .Zinc oxide powder is widely used as an additive in various materials and products, including ceramics[3] , rubber, cement, lubricants, glass, paints, adhesives, ointments, plastics, pigments, sealants, food products, ferrites, batteries, and fire retardants[4]. Furthermore, ZnO-based coatings can be applied to timber samples as a protective layer with moisture-resistant properties[9] .
The physical and chemical characteristics of zinc oxide nanoparticles can be categorized based on various factors. For instance, reducing their size alters their crystalline structure, morphology, surface area, and other properties. Several preparation techniques have been developed to achieve these modifications, including mixing[2], mechanical and chemical methods, deposition techniques[10], surfactant-assisted precipitation, sol-gel processing[11] , hydrothermal and solvothermal synthesis[12], microwave-assisted methods, microemulsion techniques[11], microwave processing, chemical vapor deposition (CVD), molecular beam epitaxy (MBE), spray techniques, laser ablation[13], and various other advanced approaches.
As far as we are aware, there are only a few review articles on zinc oxide nanoparticles, including. Given the significance of zinc oxide nanoparticles and their potential applications, the primary objective of this review article is to provide readers with a comprehensive understanding of their structure and major synthesis methods, which have not been thoroughly addressed in previous reviews. Additionally, the physical and chemical characteristics of ZnO nanoparticles are examined in greater detail. This paper further discusses key properties such as mechanical, electrochemical, electrical, and photoluminescence attributes.
1.1. Structure of Zinc Oxide (ZnO)
Zinc oxide nanoparticles belong to a class of materials with potential applications across various nanotechnology fields[14]. These nanoparticles exist in one-, two-, and three-dimensional structures. The one-dimensional structures include spirals, belts, combs, wires, rings, springs, needles, ribbons, nanorods, and tubes. The two-dimensional structures consist of nanoplates and nanosheets that contribute to zinc oxide formation. In contrast, the three-dimensional structures of zinc oxide encompass forms such as mushrooms, thorny flowers, conical formations, and snowflakes. Zinc oxide is a material that exhibits a remarkably diverse range of particle morphologies[15]. Additionally, Figure 1 illustrates the various forms and structures of zinc oxide.
1.2. Crystallographic Structure of Zinc Oxide
The two primary crystal structures of zinc oxide are the hexagonal wurtzite and the cubic zinc blende. Under ambient conditions, the wurtzite structure is the most stable and commonly observed form. As illustrated in Figure 2, zinc oxide crystallizes in the B4-type wurtzite structure at standard temperature and pressure. This structure belongs to the hexagonal crystal system and is classified under the space group P6₃mc. It consists of two interpenetrating lattices of O²⁻ and Zn²⁺ ions, where each zinc ion is tetrahedrally coordinated with oxygen ions, and vice versa. This tetrahedral coordination results in polar symmetry along the hexagonal axis, contributing to the unique physicochemical properties of ZnO[16]. This polarity is crucial for zinc oxide’s spontaneous polarization and piezoelectric properties. Additionally, it plays a subtle yet significant role in etching, defect formation, and crystal growth. The wurtzite structure of zinc oxide includes both polar and non-polar facets. The non-polar facets consist of (11,02) (a-axis) and (10,1), while the polar terminations include the Zn-terminated (0001) and oxygen-terminated (O) (000.1) surfaces. Generally, these non-polar surfaces can accommodate an equal number of oxygen and zinc atoms. However, the oxygen-terminated (O) facet exhibits a significantly altered electronic structure compared to the other three O-terminated surfaces. As a result, the polar facets possess distinct physical and chemical properties[10].
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Figure 1 shows several zinc oxide forms and architectures, including (a) flowers[17], (b) wire[11], (c, d) rods and mushrooms[18], and (e) combs[19].
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Figure 2: Zinc oxide nanoparticles' crystal structure[11].

2. Methods for Synthesizing Zinc Oxide Nanoparticles
To synthesize zinc oxide nanoparticles efficiently and cost-effectively, three primary methods are used: (1) Solid-phase techniques, including mechanochemical processes and mechanical milling; (2) Liquid-phase techniques, such as wire explosion, laser ablation, and solution breakdown and reduction; (3) Gas-phase techniques, including chemical bath deposition (CBD), green synthesis, wet chemical approaches [38], wire explosion, gas evaporation, spark discharge, and laser ablation[6].
2.1. Chemical Synthesis of Zinc Oxide Nanoparticles
Mechanochemistry is the study of heated or extremely rapid chemical reactions between solids or between solids and adjacent gaseous or liquid molecules under mechanical stress. It involves mechanical fragmentation and chemical activation of strained solids, as well as the interaction of mechanical and chemical effects at the molecular level. However, ball milling and mechanochemical synthesis are distinct processes. Traditional ball milling, conducted in an inert environment, primarily reduces particle size, leading to the formation of nano-sized grains within micro-sized particles. During mechanochemical treatment, a displacement solid-state reaction initiates during the ball milling process, leading to a reduction in nanoparticle size to approximately 5 nm, which remains stable during the large-particle manufacturing phase[20]. Ao et al. [21] predicted the synthesis of nanoparticles through mechanochemical processing. They synthesized a zinc oxide crystal with a size of 21 nanometers. During the six-hour milling process, a zinc oxide precursor was used to produce ZnCO₃. However, upon calcination at 600°C, the precursor transformed into a hexagonal zinc oxide structure. Research findings indicate that variations in milling time and calcination temperature significantly influence the crystallite size of zinc oxide nanoparticles. The crystallite size decreased from 25 to 21.5 nm as the milling duration increased from 2 to 6 hours, suggesting the presence of a critical limit. Conversely, when the calcination temperature increased from 400 to 800°C, the crystallite size expanded from 18 to 35 nm. This mechanical technique offers several advantages, including finer particle size, higher manufacturing purity, faster reaction rates, and a unique microreaction mechanism[22].
2.1.1. Sol-Gel Method
In the sol-gel process for nanoparticle synthesis, an inorganic compound is formed through a chemical reaction in a solution. This method is significant due to its advantages, including high thermal stability, enhanced solution resistance, superior mechanical stability, and the potential for transformation simulation. Roodi and colleagues[23]. successfully synthesized zinc oxide nanoparticles using the sol-gel method followed by calcination. In this study, the crystalline structure, including particle size and morphology, was analyzed to confirm the formation of zinc oxide nanoparticles. The results indicated that the optimal conditions for nanoparticle synthesis were a pH of 10 and a sonication time of 60 minutes. The synthesized nanoparticles exhibited a purity of 87.31% and an average particle size of approximately 50 nm . The sol-gel method offers several advantages, including lower processing temperatures, exceptionally high purity levels, precise control over impurity concentrations, and the ability to produce multi-component compounds in various morphological forms[24].

2.1.2. Hydrothermal Method

The hydrothermal method eliminates the need for organic solvents and additional steps such as calcination and grinding, making it a simple and sustainable approach. This technique requires an autoclave chamber, where the substrate mixture is gradually heated to temperatures between 100 and 300°C and maintained for an extended period. As the solution cools, crystal nuclei form and grow. The hydrothermal method offers several advantages, including its applicability at low temperatures and the ability to control crystal size and shape by adjusting the mixture composition, process temperature, and pressure. Moezzi et al.[4] successfully synthesized zinc oxide nanoparticles in the form of nanotubes using a hydrothermal method with Zn(NO₃)₂ as the precursor. The resulting zinc oxide nanotubes had an outer diameter of approximately 200 nm and a length of about 2.4 µm [44]. One significant advantage of the hydrothermal process over other nanoparticle synthesis techniques is its ability to produce crystalline phases that are unstable at their melting temperatures. Additionally, this method is highly efficient for developing materials with high vapor pressures near their melting temperatures[19].
2.1.3. Liquid-Phase Method
Pulsed Laser Deposition (PLD) is an excellent synthesis technique for producing nanoparticles with small diameters and minimal impurity levels. The laser-based method for generating nanoparticles (NPs) from a target immersed in a liquid involves three well-established processes. Yoshitaka demonstrated how the morphological phase influences the control of zinc oxide crystals using a simple aqueous solution method. At 50°C, zinc oxide nanotubes with lengths of 50 micrometers and diameters of approximately 100 nanometers were successfully synthesized[10].
Compared to gas-phase and solid-phase synthesis methods, liquid-phase synthesis is one of the most widely used techniques for producing nanoparticles (NPs) and nanostructured materials. In addition to gas-phase synthesis, the liquid-phase approach enables precise control over the size and shape of the final nanoparticles within a short timeframe, ranging from a few minutes to several hours, and at relatively low temperatures[25].
2.1.4.  Precipitation Method
Zinc nitrate and urea serve as precursors in this process for synthesizing zinc oxide (ZnO). A typical synthesis procedure involves dissolving 0.5 M (4.735 g) of zinc nitrate (Zn(NO₃)₂⋅6H₂O) in 50 mL of distilled water under continuous stirring for 30 minutes to ensure complete dissolution. Simultaneously, 1 M (3.002 g) of urea is dissolved in 50 mL of distilled water with constant stirring for 30 minutes, acting as the precipitating agent. To facilitate the formation of ZnO nanoparticles, the urea solution is added dropwise to the zinc nitrate solution under vigorous stirring at 70°C for two hours, ensuring complete nanoparticle formation.
The resulting precipitate gradually adopts an opaque, white appearance. To eliminate any potential contaminants or adsorbed ions, the white precursor product is subjected to centrifugation at 8,000 rpm for 10 minutes, followed by thorough washing with distilled water. The purified product is then calcined in a muffle furnace at 500°C for three hours under an air atmosphere to enhance crystallinity and remove residual organic compounds[23]. The complete sequence of chemical reactions involved in this process is illustrated in the flowchart diagram (Figure 3).
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Figure 3: Precipitation method
2.1.5. Vapor Transport Method
The vapor transfer method is a widely recognized technique for synthesizing zinc oxide nanoparticles. Based on the mechanism of nanostructure formation, it can be classified into two main categories: catalyst-assisted vapor-liquid-solid (VLS) and catalyst-free vapor-solid (VS) processes. In general, the vapor-solid method enables the large-scale fabrication of nanostructures such as nanowires, nanobelts, and nanorods. Kong et al.[11] successfully synthesized composite zinc oxide nanostructures, including nanobelts and nanohelices, using a conventional vapor-solid approach. The resulting nanostructures exhibited belt-like morphologies with widths ranging from 10 to 60 nanometers, thicknesses between 5 and 20 nanometers, and lengths extending to several hundred micrometers.  Such processes involve the synthesis of zinc oxide nanoparticles (NPs) through the interaction of volatile zinc vapor with oxygen or oxygen-containing vapors. Various methods can be employed to generate zinc and oxygen vapors. The thermal decomposition of zinc oxide is a straightforward and direct approach; however, it requires high temperatures to proceed effectively[20]. In the vapor-solid method, direct condensation in the vapor phase leads to the formation of NP structures. While this technique enables the fabrication of different NP architectures, it offers limited control over the morphology, organization, and precise positioning of zinc oxide nanostructures. The T519 and W528 nanobelts exhibit geometric dimensions of 519 nm and 528 nm, respectively. 
The synthesis of one-dimensional, high-purity single crystals through directed growth along the lowest energy pathway, driven by favorable orientation and low-energy surfaces, highlights the significant advantages of the vapor transport method. Consequently, low-index nanoparticles (NPs) play a crucial role in the formation of crystallographic planes.
2.1.6. Chemical Reaction of Zinc Acetate Dihydrate and NaOH
In this procedure, 0.02 M aqueous zinc acetate dihydrate is dissolved in 50 mL of distilled water under vigorous stirring. A 2.0 M aqueous NaOH solution is then added dropwise until the pH reaches 12 at room temperature. The mixture is subsequently stirred using a magnetic stirrer for two hours to ensure the completion of the reaction. The resulting white precipitate is thoroughly washed with distilled water and ethanol to eliminate any residual impurities. The purified product is then dried overnight in a hot air oven at 60°C, facilitating the complete conversion of Zn(OH)₂ into ZnO nanoparticles (ZnO NPs)[25].
2.1.7. Disadvantages of Chemical Synthesis of (ZnO NPs) 
Certain harmful substances tend to adsorb onto the surface of ZnO nanoparticles (ZnO NPs) synthesized via chemical methods such as chemical precipitation, hydrothermal synthesis, pyrolysis, and chemical vapor deposition. These contaminants can pose significant risks, particularly in medical applications. Moreover, many of these chemical synthesis methods require high temperatures, elevated pressures, or inert atmospheres to proceed efficiently. Additionally, some processes involve the use of toxic substances, including H₂S, hazardous templates, and metallic precursors. The chemicals used for nanoparticle synthesis and stabilization can also be toxic, leading to adverse environmental and biological effects[26].

2.2. Green Synthesis of Zinc Oxide Nanoparticles
Plant-based nanoparticle synthesis is an integral part of green synthesis approaches, which emphasize the use of environmentally benign and non-toxic chemicals for nanostructure fabrication. These methods promote the utilization of eco-friendly solvents, such as water and natural plant extracts, reducing the reliance on hazardous reagents. By minimizing environmental pollution and ensuring biocompatibility, green synthesis provides a sustainable alternative for nanoparticle production[15].
Therefore, biological approaches, including the use of microorganisms and plants or plant extracts, have been proposed as safe alternatives to conventional chemical synthesis methods for the production of metal nanoparticles. Various biological systems, such as yeast, fungi, and bacteria, have been successfully utilized in the biogenic synthesis of nanoparticles. However, the use of microorganisms in nanoparticle synthesis presents significant challenges, as it involves a complex process requiring strict cell culture maintenance, intracellular nanoparticle production, and multiple purification steps to obtain the final product[19].
2.2.1. Advantages of Green Synthesis of Nanoparticles
Due to the high costs and environmental hazards associated with traditional chemical procedures involving chemical compounds and organic solvents as reducing agents, there has been a significant shift towards 'green' methods for nanoparticle synthesis in recent years[27]. 
Green chemistry aims to prevent waste rather than manage or clean it up after production, thereby reducing contamination risks at the source. The selection of eco-friendly reagents is central to this approach. Biogenic processes offer a superior and environmentally benign alternative for nanoparticle production despite physical and chemical methods being faster and simpler[28].
2.2.2. By Using Leaf Extract of Coriandrum sativum
The leaf extract of Coriandrum sativum can be utilized for the synthesis of ZnO nanoparticles (ZnO NPs). In this process, 0.02 M aqueous zinc acetate dihydrate is dissolved in 50 mL of distilled water under continuous stirring. After ten minutes of stirring, varying volumes of Coriandrum sativum aqueous leaf extract (0.25, 0.5, and 1 mL) are added to the solution. To adjust the pH to 12, 2.0 M NaOH is introduced, resulting in the formation of a light white aqueous solution. The mixture is then subjected to magnetic stirring for two hours to complete the reaction.
After stirring, the pale white precipitate is separated and repeatedly washed with distilled water, followed by ethanol, to remove any impurities. The purified precipitate is then dried at 60°C in a vacuum oven overnight, resulting in the formation of a pale white powder of ZnO nanoparticles[19].
2.2.3. Utilization of Calotropis gigantea Leaf Extract
Zinc oxide nanoparticles (ZnO NPs) can be synthesized using Calotropis gigantea leaf extract. Initially, 50 mL of the leaf extract is heated to a temperature between 60 and 80°C using a stirrer-heater or hot plate. Once the temperature reaches 60°C, five grams of zinc nitrate are added to the solution. The mixture is then continuously heated until it reduces to a bright yellow paste. This paste is transferred to a ceramic crucible and calcined at 400°C for two hours in a furnace. The heating process yields a light-yellow powder, which is carefully collected and stored for further analysis. To achieve a finer consistency suitable for analysis, the material is ground using a mortar and pestle[28].
2.2.4. By Using Leaf Extract of Acalypha indica

[image: ]First, fresh Acalypha indica leaves are collected and thoroughly washed with double-distilled water. The leaves are then ground, and the extract is filtered using Whatman filter paper. The precursor materials used in the synthesis include sodium hydroxide (pellet, 99% purity) and zinc acetate dihydrate (99% purity). Zinc acetate dihydrate is dissolved in distilled water under vigorous stirring. After ten minutes of stirring, the aqueous leaf extract of Acalypha indica is added to the solution, followed by the addition of 2.0 M aqueous NaOH.  The process results in a white aqueous solution with a pH of 12, where the pH of the medium plays a crucial role in determining the size of the ZnO nanoparticles. The mixture is then subjected to magnetic stirring for two hours. To ensure the removal of any impurities, the precipitates are collected and thoroughly washed multiple times with ethanol and distilled water. Finally, the purified precipitates are dried in a vacuum oven overnight at 60°C, yielding a white powder of ZnO nanoparticles[1].
Figure 4 presents a schematic illustration of the synthesis process

2.2.5. By Using Rice as a Soft Bio-template
Oryza sativa (rice) is an abundant and renewable bioresource with unique properties, making it a suitable bio-template for synthesizing various functional nanomaterials. ZnO particles can be synthesized using the hydrothermal bio-template approach by employing zinc acetate, sodium hydroxide, and uncooked rice flour in different ratios as precursor materials. The reaction is carried out at 120°C for 18 hours to facilitate the formation of ZnO nanoparticles[24].
3. Zinc Oxide Nanostructures and Their Physical Properties
The physical properties of zinc oxide nanoparticles vary significantly. It is important to note that several physical characteristics are influenced by quantum size effects, which occur when the dimensions of semiconductor materials are progressively reduced to the nanometer scale or smaller. For instance, optical absorption studies have shown that the bandgap energy of quasi-one-dimensional (Q1D) zinc oxide increases due to quantum confinement. Quantum confinement refers to the modification of electrical and optical properties that occurs when a material is reduced to nanoscale dimensions, typically below 10 nanometers. As the size of a nanostructure decreases, its bandgap energy increases due to quantum confinement effects. This phenomenon results in the spatial confinement of electrons and holes within dimensions comparable to a fundamental quantum parameter known as the exciton Bohr radius[29].
Understanding the fundamental physical properties is essential for designing functional devices. A thorough investigation is necessary to explore the potential applications of zinc oxide nanoparticles as fundamental components in nanoscale optoelectronic devices. This review aims to provide a comprehensive overview of previous studies on the mechanical, electrical, magnetic, and luminescent properties of zinc oxide nanoparticles[30].
4. Applications of ZnO (NPs) 
Due to their unique chemical and physical properties, zinc oxide nanoparticles (NPs) have a wide range of potential applications across various fields. From medicine and agriculture to paints, chemicals, rubber, and ceramics, zinc oxide plays a crucial role in numerous industries. The global utilization of zinc oxide nanoparticles across different application areas is illustrated in Figure 5[31].



4.1. Agricultural Applications of ZnO (NPs) 
Zinc oxide nanoparticles (NPs) have been shown to enhance the growth rate of food crops. Treatment with varying concentrations of zinc oxide nanoparticles has led to improved seed germination, increased vigor, and overall enhanced plant development. Notably, these nanoparticles have been found to effectively promote both stem and root formation [69]. Paul and Ban [70] further explored the significance of zinc oxide nanoparticles in the field of biotechnology. Paul and Ban [70] examined the impact of zinc oxide nanoparticles on biological systems. Additionally, various concentrations of zinc oxide have been utilized to combat diseases caused by pathogens such as Pseudomonas aeruginosa, Bacillus species, Streptococcus pneumoniae, and E. coli. Studies indicate that higher concentrations of zinc oxide nanoparticles significantly enhance enzymatic activity. Figure 5[32]provides an overview of the diverse sectors in which zinc oxide nanoparticles have been applied.
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Figure 5 illustrates the global consumption of zinc oxide nanoparticles across various application areas[4].

4.2. Medicinal Applications of ZnO (NPs) 
The unique properties of zinc oxide nanoparticles make them suitable for applications related to the central nervous system (CNS) and may contribute to disease treatment through mechanisms such as modulating neuronal excitation and regulating neurotransmitter release[33]. Several studies have demonstrated that zinc oxide not only interacts with tissues, cells, and physiological processes but also plays a role in brain tissue engineering and biocompatibility[35].
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Figure 6 presents a schematic representation of the diverse applications of zinc oxide as discussed in this paper[34].
5. Conclusion
Zinc oxide nanoparticles (NPs) represent a highly functional and versatile material with exceptional properties, offering remarkable potential for future applications in electronic, magnetoelectronic, and optoelectronic devices. This review has comprehensively examined zinc oxide NPs from the perspectives of synthesis, structure, and applications. Based on the studies assessed, zinc oxide NPs can be synthesized through various approaches, primarily categorized into metallurgical and chemical methods. In metallurgical processes, zinc oxide NPs are obtained by burning suitable zinc ores through direct or indirect procedures.
This study highlights that zinc oxide NPs serve as fundamental building blocks for a wide range of devices and numerous applications. The findings suggest that continuous research and development efforts are essential to achieving large-scale structural designs for advanced and sustainable architectures. Consequently, the significance of zinc oxide NPs will continue to grow, driving the development of novel applications and expanding their technological relevance.
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