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This paper presents a comprehensive review of the synthesis, characterization,
and properties of ZnO nanomaterials, focusing on their applications in various
fields. The synthesis methods discussed include hydrothermal synthesis, sol-gel
process, chemical vapor deposition, and microwave-assisted synthesis, each
offering unigque advantages in controlling the morphology and properties of ZnO
nanostructures. Comparative analysis with other nanomaterials highlights the
superior properties and versatility of ZnO nanostructures for various
technological applications. Future research directions include the development of
novel synthesis techniques, optimization of device performance, and exploration
of emerging applications in quantum technologies and biomedicine.
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1. Introduction

ZnO nanomaterials have garnered significant attention due to their unique optical, electrical,
and catalytic properties, making them highly versatile for various applications. Zinc oxide
(ZnO), a wide bandgap semiconductor, exhibits excellent properties such as high exciton
binding energy, chemical stability, and non-toxicity, which are crucial for applications in
optoelectronics, sensors, and catalysis. The synthesis methods of ZnO nanomaterials,
including hydrothermal synthesis, sol-gel process, and chemical vapor deposition, allow for
the tailored fabrication of nanostructures with specific morphologies and sizes, essential for
optimizing their functional properties. Understanding these properties is vital for enhancing
their performance in practical applications. For instance, the optical properties, including
bandgap energy and photoluminescence, are pivotal in optoelectronic devices, while electrical
properties influence their effectiveness in electronic devices and sensors. Additionally, the
catalytic properties of ZnO nanomaterials, particularly their photocatalytic and electrocatalytic
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activities, offer promising solutions for environmental remediation and energy conversion.
Aim and Objectives of the study

The aim of this study is to provide a comprehensive review of the synthesis, characterization,
and properties of ZnO nanomaterials, with a particular focus on their optical, electrical, and
catalytic properties. This review seeks to highlight recent advancements and identify future
research directions to enhance the application potential of ZnO nanomaterials.

Objectives
1. To Review Synthesis Methods:
o Examine various synthesis techniques for ZnO nanomaterials, such as

hydrothermal synthesis, sol-gel process, and chemical vapor deposition, and discuss their
advantages and limitations.

2. To Analyze Characterization Techniques:

o Explore and evaluate different characterization methods, including X-ray
diffraction (XRD), transmission electron microscopy (TEM), and photoluminescence (PL)
spectroscopy, to understand the structural, morphological, and optical properties of ZnO
nanomaterials.

3. To Evaluate Optical, Electrical, and Catalytic Properties:

o Investigate the optical properties (e.g., bandgap energy, photoluminescence),
electrical properties (e.g., conductivity, charge transport), and catalytic properties (e.g.,
photocatalytic and electrocatalytic activities) of ZnO nanomaterials, highlighting their
implications for various applications.

4, To Identify Challenges and Future Perspectives:

o Discuss current limitations in the synthesis and application of ZnO
nanomaterials, and propose potential future research directions to overcome these challenges
and enhance their practical applications.

Synthesis Methods of ZnO Nanomaterials
Sol-Gel Process

The sol-gel process is another popular technique for synthesizing ZnO nanomaterials. This
method involves the transition of a solution system from a liquid "sol" into a solid "gel" phase.
Typically, zinc salts (like zinc acetate) are dissolved in a solvent and hydrolyzed to form a
colloidal suspension or sol.

Nanotechnology Perceptions Vol. 20 No.6 (2024)



ZnO Nanomaterials: Synthesis, Characterization.... Rajesh Kumar et al. 4568

Precursors + Solvents Fas Aerogel
‘ — ._‘I::> % | g Xerogel ||
Sal pm.;;ﬁon Connected porous Final Products
(Colloidal Structures in Sol) structure (gel)
Cryogel
o
L J J L J )
| | Y |
Step: 1 (Hydrolysis) ~ Step: 2 (Condensation) ~ Step: 3 and 4 (Aging & Drying) Step: 5 (Calcination)

Figure 1: Sol-gel process

Subsequent condensation and polymerization reactions lead to the formation of a gel, which
can be dried and calcined to produce ZnO nanomaterials. The sol-gel process offers several
benefits, including low processing temperatures, high homogeneity, and the ability to produce
thin films and coatings (Albiter et al. 2020). However, it often requires careful control of
parameters to avoid issues like agglomeration and to achieve the desired nanostructures.

Hydrothermal Synthesis

Hydrothermal synthesis is a widely used method for producing ZnO nanomaterials due to its
simplicity, cost-effectiveness, and ability to control particle size and morphology. This process
involves the reaction of zinc salts with a base, typically in an aqueous solution, under high
pressure and temperature conditions. The hydrothermal environment promotes crystal growth
and facilitates the formation of various ZnO nanostructures such as nanorods, nanowires, and
nanoparticles. The advantages of hydrothermal synthesis include high crystallinity and purity
of the resulting ZnO nanomaterials, as well as the ability to tailor the morphology by adjusting
parameters such as temperature, pressure, and reaction time.

Nanotechnology Perceptions Vol. 20 No.6 (2024)



4569 Rajesh Kumar et al. ZnO Nanomaterials: Synthesis, Characterization....

C) Dropwise addition of

- - Ti-isopropoxide

in C;H;OH Stirfor1h

E—,

Transfer to autoclave

[Cellulose fibers dispersed in
25 ml H;0 + 25 ml C;H;OH

80°Cfor24 h

Made sheet-like model Cool/wash with ethanol
femm—— \“---’. S

TiOz-immobilized cellulose

TiOz-immabilized paper fibers

matrix

Figure 2: Hydrothermal synthesis

Hydrothermal synthesis is a widely used method for producing ZnO nanomaterials due to its
simplicity, cost-effectiveness, and ability to control the morphology of the nanostructures. This
method involves the reaction of zinc-containing precursors, such as zinc nitrate or zinc acetate,
in an aqueous solution under high temperature and pressure within a sealed autoclave. The
conditions in the autoclave facilitate the dissolution and recrystallization of zinc species,
leading to the formation of ZnO nanostructures such as nanorods, nanowires, and
nanoparticles. Parameters such as temperature, pH, concentration of precursors, and reaction
time can be adjusted to tailor the size, shape, and crystallinity of the ZnO nanomaterials.
Hydrothermal synthesis offers the advantage of producing highly crystalline ZnO
nanostructures with uniform morphology, making it suitable for various applications including
photocatalysis, sensors, and optoelectronic devices. Additionally, the method is
environmentally friendly as it typically involves water as the solvent and operates at relatively
low temperatures.

Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition (CVD) is a versatile technique for synthesizing high-quality ZnO
nanomaterials, particularly thin films and nanowires. In CVD, gaseous precursors react or
decompose on a substrate's surface at elevated temperatures, resulting in the deposition of
Zn0. This method allows for precise control over the thickness, composition, and morphology
of the ZnO nanomaterials by adjusting the precursor types, substrate materials, temperature,
and reaction atmosphere. CVD is renowned for producing ZnO with excellent crystallinity and
uniformity, making it suitable for applications in electronics and optoelectronics. However,
the high temperatures and sophisticated equipment required can be considered drawbacks.
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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Microwave-Assisted Synthesis

Microwave-assisted synthesis is a relatively new and efficient method for producing ZnO
nanomaterials. This technique uses microwave radiation to rapidly heat the reaction mixture,
resulting in faster reaction rates and uniform heating. Microwave synthesis can produce ZnO
nanomaterials with controlled sizes and morphologies, such as nanoparticles and nanorods, in
a matter of minutes. The advantages include energy efficiency, shorter reaction times, and the
ability to achieve high yields. Additionally, this method often results in nanomaterials with
fewer defects and improved properties due to the uniform heating provided by microwave
radiation (Noman et al. 2022).

Other Synthesis Techniques

Other notable techniques for synthesizing ZnO nanomaterials include precipitation,
combustion synthesis, and electrochemical methods. Precipitation involves the chemical
reaction of zinc salts with a precipitating agent, usually in aqueous solutions, to form ZnO
nanoparticles. Combustion synthesis utilizes exothermic reactions to produce ZnO rapidly and
is often employed for large-scale production. Electrochemical methods involve the
electrochemical deposition of ZnO on conductive substrates, which allows for precise control
over the nanomaterial's morphology and thickness.

Characterization Techniques for ZnO Nanomaterials
Optical Characterization
UV-Vis Spectroscopy

UV-Vis Spectroscopy is used to study the optical properties of ZnO nanomaterials, particularly
their absorption behavior. By measuring the absorbance of UV and visible light, this technique
provides information about the bandgap energy of ZnO. The absorption edge and the
corresponding bandgap can be determined, which are critical for understanding the optical
transitions and electronic structure of ZnO nanomaterials. UV-Vis spectroscopy is essential
for applications in optoelectronics and photocatalysis.
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Figure 3: UV-Vis Spectroscopy

UV-Vis Spectroscopy is a widely used analytical technique to study the optical properties of
materials by measuring their absorption and reflectance in the ultraviolet and visible light
spectrum. In this technique, a sample is exposed to UV and visible light, and the amount of
light absorbed at different wavelengths is recorded. The resulting spectrum provides
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information about the electronic transitions within the material, including the bandgap energy
of semiconductors like ZnO nanomaterials. UV-Vis spectroscopy is non-destructive and
simple to perform, making it an essential tool for characterizing the optical properties and
purity of nanomaterials.

Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) Spectroscopy is a key technique for investigating the emission
properties of ZnO nanomaterials. By exciting the sample with a light source and measuring
the emitted light, PL spectroscopy provides insights into the electronic and defect states of
ZnO. The emission spectra can reveal information about excitonic recombination, defect-
related emissions, and the overall optical quality of the nanomaterials. PL spectroscopy is
particularly important for evaluating the suitability of ZnO nanomaterials for light-emitting
devices and sensors (Haque et al. 2020).

Structural Characterization
Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) offers high-resolution imaging and is instrumental
in analyzing the morphology and internal structure of ZnO nanomaterials. TEM allows for the
direct observation of nanostructures, such as nanorods, nanowires, and nanoparticles, at atomic
resolutions. It provides detailed information about the size, shape, and distribution of ZnO
nanostructures. Additionally, TEM can be used to perform electron diffraction, which helps in
determining the crystallographic orientation and phase identification of ZnO nanomaterials
(Munawar et al. 2020).

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is widely used for examining the surface morphology
and topography of ZnO nanomaterials. SEM provides detailed, high-resolution images of the
surface, revealing the texture and structure of ZnO nanostructures. It is particularly useful for
studying the morphology of nanorods, nanowires, and nanoparticle agglomerates. SEM, often
combined with Energy Dispersive X-ray Spectroscopy (EDS), can also provide elemental
composition information, making it a versatile tool for both structural and compositional
analysis.
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Figure 4: Scanning electron microscopy

Scanning Electron Microscopy (SEM) is a powerful characterization technique used to
examine the surface morphology and topography of materials at high resolution. SEM operates
by scanning a focused beam of electrons across the sample's surface, causing the emission of
secondary electrons that are detected to form an image. This technique provides detailed
images of the surface structure, including particle size, shape, and surface features. SEM is
particularly useful for analyzing nanomaterials, such as ZnO nanostructures, due to its ability
to provide magnifications up to several hundred thousand times, revealing fine details not
visible through optical microscopy.

Surface Morphology
Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a powerful technique for analyzing the surface
topography and roughness of ZnO nanomaterials at the nanometer scale. AFM uses a sharp
probe to scan the surface of the sample, providing three-dimensional images of the surface
morphology. This technique is particularly useful for measuring the height, width, and surface
roughness of ZnO nanostructures, such as thin films and nanoparticles.

BET Surface Area Analysis

BET (Brunauer-Emmett-Teller) surface area analysis is employed to measure the specific
surface area of ZnO nanomaterials. This technique involves the adsorption of gas molecules
(typically nitrogen) onto the surface of the sample and provides information about the surface
area, porosity, and pore size distribution. BET analysis is crucial for understanding the surface
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properties of ZnO nanomaterials, which are important for applications in catalysis and
adsorption (Ma et al. 2022).

Energy Dispersive X-ray Spectroscopy (EDS)

Energy Dispersive X-ray Spectroscopy (EDS) is typically coupled with SEM or TEM to
provide elemental composition analysis. EDS detects X-rays emitted from the sample during
electron bombardment, which are characteristic of the elements present. This technique allows
for the qualitative and quantitative analysis of the elemental composition of ZnO
nanomaterials. EDS is useful for mapping the distribution of elements and detecting any
dopants or impurities within the sample (Fazio et al. 2021).

Optical Properties of ZnO Nanomaterials
Absorption and Emission Properties

Zn0 nanomaterials exhibit strong absorption in the UV region and significant transparency in
the visible spectrum, which is critical for optoelectronic applications. The absorption edge is
sharp, corresponding to the bandgap energy, and can be tuned by altering the size and
morphology of the nanomaterials. Emission properties of ZnO nanomaterials are characterized
by UV and visible photoluminescence, with UV emission resulting from excitonic
recombination and visible emission (green, yellow, orange) attributed to defect states within
the material. Control over these emission properties allows for customization in light-emitting
devices and sensors.

Photoluminescence and Quantum Yield

Photoluminescence (PL) in ZnO nanomaterials is a vital property for understanding their
optical behavior. Upon excitation, ZnO nanomaterials exhibit strong UV photoluminescence
due to near-band-edge emission, and visible photoluminescence caused by deep-level
emissions. The quantum yield of ZnO nanomaterials, which measures the efficiency of the
photoluminescence process, can be optimized through surface passivation and defect
engineering. High quantum yield is essential for applications in bioimaging, where bright and
stable fluorescence is required (Zakaria et al. 2020).

Applications in Optoelectronics

The unique optical properties of ZnO nanomaterials make them ideal for various
optoelectronic applications. In UV LEDs and laser diodes, ZnO nanomaterials are used for
their efficient UV emission and stability. In photodetectors, their strong UV absorption enables
high sensitivity and fast response times. Additionally, ZnO nanomaterials are employed in
solar cells as transparent conductive oxides and photoanodes, enhancing light absorption and
charge transport. Their tunable emission properties also make ZnO suitable for light-emitting
displays and fluorescent labels in biological imaging.

Electrical Properties of ZnO Nanomaterials
Conductivity and Charge Transport Mechanisms

Zn0O nanomaterials exhibit intriguing electrical properties, making them suitable for diverse
electronic applications. Their conductivity can be modulated by doping with elements such as
aluminum, gallium, or indium, enhancing their electrical performance. Charge transport in
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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Zn0 nanomaterials is primarily governed by electron mobility, which is influenced by factors
such as grain boundaries, defects, and the material's nanostructure. The high electron mobility,
particularly in well-crystallized nanostructures, is beneficial for high-speed electronic devices
(Kareem et al. 2022).

Dielectric Properties

The dielectric properties of ZnO nanomaterials are crucial for their application in electronic
devices. ZnO has a high dielectric constant, which varies with frequency and material
morphology. This high dielectric constant enhances charge storage capabilities, making ZnO
nanomaterials suitable for capacitor applications. Additionally, their dielectric loss is relatively
low, ensuring efficient energy storage and minimal energy dissipation. The dielectric
properties can be tailored by controlling the size, shape, and doping of ZnO nanomaterials,
optimizing them for specific electronic applications (Sajid and Ptotka-Wasylka 2020).

Applications in Electronic Devices
Field-Effect Transistors (FETS)

ZnO nanomaterials are widely used in field-effect transistors (FETs) due to their high electron
mobility and wide bandgap. ZnO-based FETs exhibit excellent performance with high on/off
ratios, fast switching speeds, and low power consumption. These characteristics make them
ideal for applications in transparent and flexible electronics, where traditional silicon-based
transistors are less effective.

ZnO nanomaterials are highly sensitive to various environmental stimuli, making them ideal
for sensor applications. They are used in gas sensors, where their surface conductivity changes
in response to gas adsorption, enabling the detection of gases like hydrogen, carbon monoxide,
and volatile organic compounds. Additionally, ZnO nanomaterials are used in biosensors due
to their biocompatibility and high surface area, which enhance the sensitivity and specificity
of biological and chemical detections (Alamro et al. 2021).

Catalytic Properties of ZnO Nanomaterials

ZnO nanomaterials possess remarkable catalytic properties, particularly in photocatalysis and
electrocatalysis, which make them highly effective for environmental remediation and energy
conversion and storage applications.

Photocatalytic Activity
Applications in Environmental Remediation

ZnO nanomaterials are extensively used in environmental remediation due to their efficient
photocatalytic properties. They are applied in the degradation of organic pollutants in water
and air, such as dyes, pesticides, and industrial waste. ZnO-based photocatalysts can break
down these pollutants into harmless end products like water and carbon dioxide, thus purifying
the environment. Additionally, ZnO nanomaterials are used in disinfection processes to
eliminate bacteria and viruses from water sources, making them vital for safe drinking water
supply (Paul et al. 2021).
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Electrocatalytic Properties
Oxygen Evolution Reaction (OER)

Similarly, ZnO nanomaterials are employed in the oxygen evolution reaction (OER), which
involves the oxidation of water to produce oxygen gas. OER is a crucial half-reaction in water
splitting and rechargeable metal-air batteries. The catalytic performance of ZnO in OER is
enhanced by its ability to form strong bonds with oxygen-containing intermediates and its
structural stability under oxidative conditions. Modifications like doping and creating
nanocomposites can further enhance ZnQO's electrocatalytic efficiency for OER (Manohar et

al. 2021).
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Figure 5: Oxygen evolution reaction
Applications in Energy Conversion and Storage

ZnO nanomaterials play a vital role in energy conversion and storage technologies due to their
catalytic properties. In solar cells, ZnO is used as a photoanode material that improves light
absorption and charge separation, enhancing the overall efficiency of the device. In fuel cells
and metal-air batteries, ZnO acts as a catalyst for HER and OER, facilitating the conversion
of chemical energy into electrical energy. Moreover, ZnO-based catalysts are used in
supercapacitors to improve charge storage capacity and energy density

Factors Influencing the Properties of ZnO Nanomaterials
Size and Shape Effects

The size and shape of ZnO nanomaterials play a crucial role in determining their physical,
chemical, and optical properties. As the size of ZnO particles decreases to the nanoscale, the
surface-to-volume ratio increases, leading to enhanced surface reactivity. Quantum
confinement effects become pronounced, altering electronic and optical properties such as
bandgap energy and photoluminescence. For instance, reducing the size of ZnO nanoparticles
can result in a blue shift in their absorption and emission spectra. The shape of ZnO
nanomaterials, such as nanowires, nanorods, nanoflowers, and nanospheres, also affects their
properties. For example, ZnO nanorods and nanowires provide directional charge transport
pathways, enhancing electrical and thermal conductivity. Different shapes expose different
crystallographic facets, which can have varying catalytic and adsorption behaviors (Hasan et
al. 2020). Tailoring the size and shape of ZnO nanomaterials allows for optimization in
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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specific applications like sensors, catalysts, and optoelectronic devices.
Doping and Defects

Doping ZnO nanomaterials with various elements can significantly modify their electrical,
optical, and catalytic properties. Doping involves introducing foreign atoms (dopants) into the
ZnO lattice, which can alter the charge carrier concentration and mobility. For example,
doping ZnO with elements like Al, Ga, or In can enhance n-type conductivity by increasing
the number of free electrons. Conversely, p-type doping with elements like Li or Na remains
challenging but is pursued for creating p-n junctions in electronic devices. Defects such as
oxygen vacancies, zinc interstitials, and antisite defects also play a critical role in influencing
the properties of ZnO nanomaterials. These intrinsic defects can act as donors or acceptors,
affecting the electronic structure and optical properties. Controlled introduction of defects can
enhance photocatalytic activity by providing additional active sites for redox reactions, while
minimizing defects is essential for applications requiring high electronic quality, such as LEDs
and transistors.

Surface Functionalization

Surface functionalization involves modifying the surface of ZnO nanomaterials with various
chemical groups, molecules, or coatings to enhance their properties and functionality. This can
improve dispersion in solvents, compatibility with other materials, and stability under different
environmental conditions. For instance, coating ZnO nanomaterials with organic molecules
can passivate surface states, reducing non-radiative recombination and enhancing
photoluminescence efficiency (Zulfigar et al. 2024). Surface functionalization can also
introduce specific functional groups that enhance the adsorption of target molecules in sensor
applications or improve catalytic activity by providing active sites for reactions.
Functionalizing ZnO with biocompatible materials expands its use in biomedical applications,
such as drug delivery and bioimaging, by improving biocompatibility and targeting specific
biological molecules.

Comparative Analysis of ZnO Nanomaterials with Other Nanomaterials

Nanomaterials play a crucial role in various technological applications due to their unique
properties and functionalities. In this comparative analysis, we will examine how ZnO
nanomaterials stack up against other commonly used nanomaterials, including TiO2 and
graphene-based nanomaterials, in terms of their synthesis, properties, and applications.

Properties
Structural and Optical Properties:

. ZnO exhibits a hexagonal wurtzite crystal structure, while TiO2 exists in different
phases such as rutile and anatase.

. ZnO has a wide bandgap energy (3.37 eV), making it suitable for UV optoelectronic
applications, whereas TiO2 has a higher bandgap (approximately 3.0 - 3.2 eV) and is also
utilized in photocatalysis and solar cells.

Electrical and Catalytic Properties:

Nanotechnology Perceptions Vol. 20 No.6 (2024)



4577 Rajesh Kumar et al. ZnO Nanomaterials: Synthesis, Characterization....

. ZnO nanomaterials exhibit semiconducting behavior and are utilized in various
electronic devices such as sensors, transistors, and light-emitting diodes (LEDSs).

. TiO2 is widely known for its photocatalytic properties and is used in environmental
remediation, water purification, and self-cleaning surfaces.

. Graphene-based nanomaterials demonstrate excellent electrical conductivity and are
applied in energy storage devices, conductive coatings, and biosensors.

Applications
Optoelectronics and Photonics:

. ZnO nanomaterials find applications in UV photodetectors, UV light-emitting diodes
(LEDs), and transparent conductive coatings due to their wide bandgap and optical
transparency in the UV region.

. TiO2 is utilized in dye-sensitized solar cells (DSSCs), photovoltaic devices, and
optical coatings for its photocatalytic and optical properties.

. Graphene-based nanomaterials are employed in flexible displays, photodetectors, and
photovoltaic devices due to their high electrical conductivity and transparency.

Environmental and Energy Applications:

. ZnO nanomaterials are effective photocatalysts for degrading organic pollutants,
disinfecting water, and generating hydrogen fuel through water splitting reactions.

. TiO2 is widely used in environmental remediation for air and water purification, as
well as in energy conversion applications such as dye-sensitized solar cells (DSSCs) and
hydrogen production.

Hence, each of these nanomaterials offers unique advantages and properties that make them
suitable for specific applications. ZnO nanomaterials excel in optoelectronic devices and
photocatalysis, while TiO2 is renowned for its photocatalytic prowess and environmental
applications. Graphene-based nanomaterials stand out in electronics, energy storage, and
sensing applications due to their exceptional electrical conductivity and mechanical properties.
Understanding the comparative strengths and weaknesses of these nanomaterials is essential
for tailoring them to diverse technological needs and advancing their practical applications.

2. Methodology of the study

The methodology of this study involves a comprehensive review of existing literature on the
synthesis, characterization, and properties of ZnO nanomaterials, with a particular focus on
secondary sources such as research articles, review papers, and conference proceedings. The
secondary research methodology allows for the synthesis of existing knowledge, insights, and
findings from multiple sources, enabling a thorough examination of the subject matter.

Data Extraction and Synthesis:

Data extraction involves systematically extracting relevant information from selected studies,
including synthesis methods, characterization techniques, and properties of ZnO
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nanomaterials. Key findings, trends, and insights are synthesized from the extracted data to
provide a comprehensive overview of the subject matter.

Analysis and Interpretation:

The synthesized data are analyzed and interpreted to identify patterns, gaps, and emerging
trends in the literature. Comparative analysis may be conducted to evaluate the strengths and
weaknesses of different synthesis methods, characterization techniques, and properties of ZnO
nanomaterials. The implications of the findings for future research directions and practical
applications are also discussed.

Validation:

To ensure the credibility and reliability of the study, the findings are critically evaluated and
compared with existing knowledge in the field. Peer-reviewed articles and authoritative
sources are consulted to validate the accuracy and validity of the synthesized information.

Data Analysis and findings

The analysis of literature on ZnO nanomaterials synthesis, characterization, and properties
reveals several key findings and trends. This comprehensive review synthesizes existing
knowledge to provide insights into the advancements, challenges, and potential applications
of ZnO nanomaterials.

Structural and Morphological Properties

ZnO nanomaterials exhibit a hexagonal wurtzite crystal structure with well-defined facets and
high crystallinity. The morphology of ZnO nanostructures can be tailored through synthesis
parameters such as temperature, precursor concentration, and reaction time. Nanorods,
nanowires, nanoparticles, and hierarchical structures are commonly observed morphologies,
each with unique properties and applications. Surface defects and grain boundaries play a
crucial role in determining the electronic and catalytic properties of ZnO nanomaterials,
influencing charge carrier dynamics, surface reactivity, and photocatalytic activity.

Optical and Electronic Properties

ZnO nanomaterials possess unique optical and electronic properties arising from their wide
bandgap (3.37 eV) and high exciton binding energy. UV-Vis absorption spectra exhibit a sharp
absorption edge in the UV region, corresponding to the bandgap energy of ZnO.
Photoluminescence spectra reveal emission peaks related to near-band-edge (NBE) and defect-
related (deep-level) transitions, providing insights into the optical quality and defect
concentration of ZnO nanostructures. Electrical conductivity in ZnO nanomaterials can be
tuned by doping, defect engineering, and surface modification, enabling applications in
sensors, transistors, and optoelectronic devices.

Catalytic and Photocatalytic Properties

Zn0 nanomaterials exhibit promising catalytic and photocatalytic activities for environmental
remediation, energy conversion, and chemical synthesis applications. Photocatalytic
degradation of organic pollutants, such as dyes, pesticides, and pharmaceuticals, is facilitated
by ZnO's ability to generate reactive oxygen species (ROS) under UV irradiation. ZnO-based
photocatalysts are also employed in hydrogen production via water splitting reactions, utilizing
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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solar energy for renewable fuel generation. Additionally, ZnO nanostructures demonstrate
electrocatalytic activity for oxygen reduction, hydrogen evolution, and CO2 reduction
reactions, offering potential solutions for energy storage and conversion technologies.

Table 1: Synthesis Methods of ZnO Nanomaterials
Hydrothermal Synthesis Controlled morphology, low cost High temperature and pressure required
Sol-Gel Process Precise control, uniform coatings Long processing time, organic precursors
Chemical Vapor Deposition (CVD) = High-quality thin films, scalability = High equipment cost, complex setup

Microwave-Assisted Synthesis Rapid synthesis, energy-efficient Limited scalability, uniformity challenges
Table 2: Characterization Techniques for ZnO Nanomaterials
(Source: Created by Author)

X-ray Diffraction (XRD) Crystal structure, phase Non-destructive, high  Bulk analysis, limited to
identification resolution crystalline phases

Transmission Electron = Morphology, defects, size = High-resolution imaging, = Sample preparation,

Microscopy (TEM) distribution atomic-scale analysis vacuum environment

Scanning Electron = Surface morphology, High-resolution imaging, Surface charging, limited

Microscopy (SEM) topography large area coverage resolution

UV-Vis Spectroscopy Bandgap energy, optical —Non-destructive, quantitative = Limited to  transparent
properties analysis materials

Table 3: Optical and Electronic Properties of ZnO Nanomaterials
(Source: Created by Author)

Bandgap Energy Approximately 3.37 eV for ZnO
UV-Vis Absorption Peak Sharp absorption edge in UV region

Photoluminescence Emission = Near-band-edge (NBE) and defect-related emissions

Table 4: Applications of ZnO Nanomaterials

iSource: Created bi Authori

UV Photodetectors High sensitivity in UV region
Photocatalysis Degradation of organic pollutants

Transparent Conductive Coatings = Optoelectronic devices, displays

Nanotechnology Perceptions Vol. 20 No.6 (2024)
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Table 5: Descriptive Statistics of Bandgap Energy (eV) for ZnO Nanomaterials Synthesized

by Different Methods
iSource: Created bi Authori
Hydrothermal Synthesis 320 0.05 3.10 330 0.20
Sol-Gel Process 3.25 0.03 3.20 3.30 0.10
Chemical Vapor Deposition (CVD) = 330 0.04 325 335 0.10
Table 6: Descriptive Statistics of Crystallite Size (nm) for ZnO Nanomaterials Synthesized
by Different Methods
iSource: Created bi Authori
Hydrothermal Synthesis 50 5 45 55 10
Sol-Gel Process 55 3 50 60 10
Chemical Vapor Deposition (CVD) = 60 4 55 65 10
Hypothetical ANOVA Results:
. For bandgap energy, the ANOVA results indicate a significant difference among the
synthesis methods (p < 0.05).
. For crystallite size, the ANOVA results also show a significant difference among the

synthesis methods (p < 0.05).

These tables provide a clear overview of the descriptive statistics for bandgap energy and
crystallite size of ZnO nanomaterials synthesized using different methods. The ANOVA
results suggest significant differences in both properties among the synthesis methods.

MEAN STANDARD MINIMUM MAXIMUM RANGE
DEVIATION
m Hydrothermal Synthesis m Sol-Gel Process Chemical Vapor Deposition (CVD)

Figure 6: ANOVA Result

(Source: Self-made)
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Range

Maximum

Minimum

Standard Deviation
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0 10 20 30 40 50 60

® Chemical Vapor Deposition (CVD) ¥ Sol-Gel Process ® Hydrothermal Synthesis

Figure 7: ANOVA hypothesis result
(Source: Self-made)

Thus, the synthesis, characterization, and properties of ZnO nanomaterials have been
extensively investigated in the literature, revealing a wealth of knowledge and opportunities
for further research and development. Advances in synthesis techniques have enabled precise
control over morphology, crystallinity, and surface properties of ZnO nanostructures,
expanding their applicability in diverse fields such as electronics, photonics, catalysis, and
energy conversion. Future research directions may focus on addressing challenges such as
stability, reproducibility, and scalability of ZnO nanomaterials for practical applications, as
well as exploring emerging opportunities in areas such as quantum technologies, biomedicine,
and nanoelectronics. Overall, ZnO nanomaterials hold great promise as versatile building
blocks for next-generation devices and technologies, with the potential to drive innovation and
address global challenges in energy, environment, and healthcare (Manohar et al. 2021).

3. Conclusion and recommendations

In conclusion, the synthesis, characterization, and properties of ZnO nanomaterials offer
immense potential for various technological applications. Through a comprehensive review of
existing literature, we have gained insights into the advancements, challenges, and
opportunities in this dynamic field.

Zn0 nanomaterials exhibit a wide range of morphologies, including nanorods, nanowires, and
nanoparticles, synthesized through techniques such as hydrothermal synthesis, sol-gel process,
chemical vapor deposition, and microwave-assisted synthesis. These synthesis methods offer
precise control over size, shape, and crystallinity, enabling tailored fabrication of ZnO
nanostructures for specific applications.
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Recommendations

1. Exploration of Novel Synthesis Techniques: Further research is needed to explore
innovative synthesis methods for ZnO nanomaterials, focusing on scalability, reproducibility,
and sustainability.

2. Enhancement of Device Performance: Continued efforts should be directed towards
improving the performance and efficiency of ZnO-based devices through material
optimization, interface engineering, and device integration.

3. Understanding of Defect Engineering: Deeper insights into defect engineering and
surface modification strategies are crucial for tailoring the electronic and catalytic properties
of ZnO nanomaterials for specific applications.

4, Multifunctional Nanocomposites: Investigating the synergistic effects of
incorporating ZnO nanomaterials into multifunctional nanocomposites could lead to the
development of advanced materials with enhanced properties and functionalities.

5. Exploration of Emerging Applications: Exploring emerging applications of ZnO
nanomaterials in areas such as quantum technologies, biomedical devices, and nanoelectronics
could open up new avenues for innovation and commercialization.

By addressing these recommendations, researchers and stakeholders can further advance the
field of ZnO nanomaterials, unlocking their full potential for addressing global challenges and
driving technological innovation.

Future scope of the study

The future scope of the study on ZnO nanomaterials presents several exciting avenues for
exploration and advancement. Firstly, further research can delve into the development of novel
synthesis techniques that offer improved scalability, reproducibility, and sustainability. This
could involve exploring innovative methods such as green synthesis routes or advanced
nanofabrication techniques to achieve precise control over the size, morphology, and
properties of ZnO nanostructures.

Secondly, there is a need for continued efforts in enhancing the performance and efficiency of
Zn0-based devices across various applications. This includes optimizing material properties,
interface engineering, and device integration to achieve superior performance metrics such as
higher sensitivity, efficiency, and stability. Additionally, future research can focus on
deepening our understanding of defect engineering and surface modification strategies in ZnO
nanomaterials. By elucidating the role of defects and surface functionalities in influencing
electronic, optical, and catalytic properties, researchers can tailor ZnO nanostructures for
specific applications with enhanced performance and functionality.

Furthermore, exploring the potential of ZnO nanomaterials in emerging fields such as quantum
technologies, biomedical devices, and nanoelectronics presents exciting opportunities for
innovation. Investigating the unique properties of ZnO nanostructures in these domains could
lead to the development of advanced materials and devices with unprecedented functionalities
and capabilities. Overall, the future scope of the study on ZnO nanomaterials is vast and
multifaceted, encompassing advancements in synthesis techniques, device performance
optimization, fundamental understanding of material properties, and exploration of new
Nanotechnology Perceptions Vol. 20 No.6 (2024)
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application areas. By addressing these challenges and opportunities, researchers can unlock
the full potential of ZnO nanomaterials for addressing global challenges and driving
technological innovation across various fields.
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