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Abstract

We report on water splitting, disinfection, and pollutant degradation processes assisted by photocatalysis supported by zinc oxide
(ZnO) under varied experimental and environmental conditions. In addition, the role of ozonation in the presence of ZnO and its
synergistic impact on the effective elimination of organic and inorganic contaminants is discussed, highlighting enhanced
reaction kinetics and mineralization efficiency. ZnO nanoparticles (ZnO-NPs) have also emerged as appropriate and versatile
tools in drug delivery systems and chemical or biological sensing applications due to their biocompatibility, tunable surface
chemistry, and strong photoluminescence response. Owing to its distinctive structural, optical, and electronic properties, ZnO
has been extensively employed as an n-type inorganic semiconductor in organic solar cells (OSCs) and hybrid solar cells (HSCs),
where it functions efficiently as an electron transport and hole-blocking layer. Its high chemical and thermal stability, non-
toxicity, facile synthesis routes, low production cost, and excellent optoelectronic characteristics make ZnO highly attractive for
large-scale technological applications. Furthermore, ZnO is widely used as a preservative and functional additive in numerous
products and materials, including foundations, ceramics, glass, rubbers, lubricants, plastics, cement, ointments, paints, adhesives,
sealants, colorants, ferrites, foods, batteries, food enhancers, fire-retardant systems, and first-aid tapes. These diverse applications
underscore the multifunctional nature and industrial relevance of ZnO-based materials.
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1. Introduction

ZnO material is important for its multi-functional properties. ~ with transition Metals are anticipated to make excellent can-
The characteristics of ZnO can modify by doping various ele- didates. For large magnetization. The Ferromagnetic proper-
ments. ZnO-based dilute magnetic semiconductors doped  ties at room temperature of ZnO can be increased by doping
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Mn, Co, Fe, Ti, and copper elements. As far as doping is con-
cerned, rare-earth metal ions like Er, Tb, etc, lead to the mod-
ifying of emission properties of ZnO towards the visible re-
gion.

The band gaps of materials influence the properties like
electrical, optical, and index of refraction. The groups of II-VI
semiconductors are efficient emitters in the blue to ultraviolet
(UV) spectral range and are suitable candidates for light emit-
ting laser diodes. The direct band gap semiconductors have
more advantages over indirect band gap semiconductors. The
directly band gap semiconductors are used in various applica-
tions such as ultraviolet light emitting diodes (UV LEDs) and
ultraviolet photo-detector [1].

ZnO has an energy band gap of 3.44 eV at low temperatures
and 3.37 eV at room temperature. It has uses in photodetectors,
light-emitting diodes, and optoelectronics in the blue/UV
range. ZnO has a free-exciton binding energy of 60 meV com-
pared to GaN's 25 meV.

Given its high excitonic binding energy, ZnO may be able
to emit effectively at temperatures higher than room tempera-
ture. Because excitons frequently have oscillator strengths that
are significantly higher than those of direct electron-hole tran-
sitions or indirect band gap semiconductors, For optical sys-
tems based on excitonic processes, ZnO is a suitable material.
Due to its superior piezoelectric and transparent qualities,
ZnO stands out among the other semiconducting oxides as a
special kind of material. Due to these characteristics, ZnO ma-
terial is a great choice for window layers and transparent con-
ducting electrodes in solar cell applications. Strong pyro elec-
tric and piezoelectric capabilities are produced by the high
electromechanical coupling in ZnO and the poor symmetry of
the wurtzite crystal structure. ZnO is a useful material for vac-
uum fluorescent displays and field emission displays due to its
intense luminosity in the green-white region of the spectrum.
ZnO is helpful as an addition due to its high heat conductivity
(e.g. ZnO is added to rubber to increase the thermal conduc-
tivity of tires). The availability of a substantial area of single
crystals in ZnO makes it the semiconductor with the most al-
luring properties. Thus, ZnO thin films can be grown epitaxial
on ZnO single crystal substrates.

Low-temperature chemical etching gives a great deal of
freedom to the manufacturing, designing, and integration of
electrical and optoelectronic devices. ZnO thin films may be
etched with acidic, alkaline, as well as combination solutions.
ZnO has been shown to have an unusually high radiation hard-
ness, even higher than GaN. For use in space or at great alti-
tudes, radiation hardness is crucial.

The main benefit of ZnO over GaN is the availability of
massive single crystals. GaN, for instance, is often developed
on sapphire, with a significant lattice mismatch of approxi-
mately 16% that results in an enormously high dilution of ex-
tended defects (106-109 ¢m?). Managing the conductivity of
ZnO has remained a challenging task. Even very low levels of
native point defects and impurities (as low as 10-14 cm?® or
0.01 ppm) can have a substantial impact on semiconductors'
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electrical and optical characteristics. Consequently, the key to
regulating the conductivity in ZnO is to understand the role of
native point defects (such as vacancies, antisites and intersti-
tials) and the incorporation of impurities. It has long been be-
lieved that oxygen positions or zinc interstitials are what pro-
duce the unintended n-type conductivity in ZnO.

In addition to structural stability, the green and yellow
emissions caused by defects in ZnO have also been thoroughly
studied varied forms and dopants can impart varied lumines-
cence capabilities to core-shell nanostructures or quantum
dots. In ZnO, defect tuning has received far greater attention,
with the majority of the research focusing on stoichiometry
for oxygen. In contrast, grain composition, boundary, shape,
and lattice characteristics are thought to have less of an influ-
ence on the luminescence in ZnO.

2. Core Properties & Why ZnO Matters

ZnO is a direct wide-bandgap oxide semiconductor (E, =
3.3-3.4 ¢V) with strong excitonic effects at room temperature,
large excitonic binding energy, good electron mobility (espe-
cially in high-quality films/nanostructures), piezoelectricity,
transparency in the visible, and a rich variety of nanostruc-
tured morphologies (wires, rods, films, nanoparticles). These
properties make ZnO a model wide-bandgap oxide for UV op-
toelectronics, transparent/flexible electronics, sensors, piezo-
electric nanogenerators and photocatalysis.

3. Crystal Structure

There are three different types of ZnO crystals: the three-
dimensional zinc blende, the uncommon cubic rock salt, and
the hexagonal wurtzite. Because it has the best stability under
typical operating circumstances, the wurtzite structure is the
one that is most frequently utilized. Only growth on cubic sub-
strates can maintain the zinc blende ZnO structure, and very
high pressures can produce the rock salt NaCl structure. At
3.37 eV at ambient temperature, zinc oxide (ZnO) is a well-
known wide band gap semiconductor with a wurtzite structure
and lattice parameters of 0.325 nm and 0.5206 nm [2-6]. ABA
is present in the wurtzite structure hexagonal close packing
(HCP) structure. The structure of ZnO consists of alternating
planes composed of O' and Zn?* ions, which are tetrahedrally
coordinated and stacked along the c-axis on an alternate basis.

The surface energy is diversified as a result of the normal
dipole moment and immediate polarisation that the Zn** and
O ions produce.

ZnO exhibits piezoelectricity and piezoelectricity as a result
of its non-Centro symmetric structure caused by tetrahedral
coordination. Polar surfaces are another significant property
of ZnO. The basal plane is the most typical polar surface. ZnO
are exceptional and cannot be obtained through extensive sur-
face reconstructions. The tetrahedral coordination of this com-
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bination is also a typical sign of sp3 covalent bonding, in ad-
dition to the inherent polarity of ZnO crystal. ZnO is on the
cusp between being categorized as a covalent molecule and an
ionic compound since the Zn-O bond also has a very strong

ionic property.

4. ZnO Nanostructures

Moreover, nanostructures have attracted increasing interest
because of their enhanced physical and chemical properties in
the nanoscale regime. “Nanostructure” is a material of interest,
that represents a system or object with at least one of its di-
mensions approximately one hundred nanometres or less. For
example, nanorods have one dimension in the nanoscale, i.e.
the diameter of the nanorods or less. For example, nanorods
have one dimension in the nanoscale, i.e. the diameter of the
nanorods is between 1 and 100 nm and its length can be very
large in between 1 and 100 nm and its length can be very large.

In the case of a spherical particle, it has all three dimensions
between 1 and 100 nm.

The nanostructures can be classified into three categories,

1) dimensional (0D) (e.g. nanoparticles and quantum dots).

2) dimensional (1D) (e.g. nan needle, nanowire, Nanorod,

Nano belt).

3) dimensional (2D) (e.g. ultra-thin films).

Synthesis and understanding the growth aspects of these
nanostructures are important to effectively make nanoscale de-
vices. During the last decade, the growth of Due to its special
uses in mesoscale physics and the creation of nanoscale devices,
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one-dimensional (1D) ZnO nanostructures, such as wires, rods,
and tubes, have drawn intense study attention [7-14]. For the
use of 1D nanostructures in a variety of applications, the capac-
ity to accurately regulate or alter their size, chemical composi-
tion, surface characteristics, phase purity, and crystal structure
has become more crucial. Nanorods made of ZnO are displayed
due to their novel properties and potential applications. ZnO na-
norods are attractive components for nanometre scale electronic
and photonic device applications because of their unique chem-
ical and physical properties. ZnO nanorods have been synthe-
sized by various methods such as the condensation process,
template-based growth method, chemical vapour deposition,
and wet chemical synthesis. Recently, a wide variety of
nanodevices including ultraviolet lasers [15-18] field effect
transistors [19-22] and light emitting device arrays [23-27] have
been fabricated using ZnO nanorods. Generally, two categories
of synthesis and fabrication techniques are used- the Top-down
and Bottom-up approaches. A common top-down technique for
creating nanoparticles is attrition or milling, but a successful
bottom-up technique is colloidal dispersion. The "top-down"
method makes use of lithography and finely crafted instruments
like cutting, etching, grinding, etc. to create nano scale things
from bulk materials. In the ‘bottom-up’ approach, where mate-
rials and devices are built from molecular components which
assemble themselves chemically using principles of molecular
recognition. Atom by atom, molecule by molecule, or cluster by
cluster construction is referred to as a bottom-up strategy. The
schematic of the top-down and bottom-up approaches is shown
in Figure 1.
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Figure 1. a) ZnO Unit Cell with Wurtzite Structure. b) Various Crystal Planes of Zn.

5. Challenges and Prospects of ZnO

No precise structures have been proposed clarifying their cre-
ation throughout the disclosed techniques, despite the wide
range of element sizes, morphologies, and structures that have
been devised for manufactured ZnO nano-sized structures.
There is still a long way to go before a thorough knowledge of
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the impacts of the synthesis parameters on particle, structure,
size, and morphology has been attained, despite the advances
made in studies focusing on the influence of the circumstances
of synthesis on the structure and morphology. Because of its
advanced electron diffusivity than TiO,, high electron mobility,
unusually large exciton binding energy, low cost, and strong en-
durance against photo-corrosion, ZnO has been regarded as the
ideal substitute for TiO, as the electron transport material in
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DSSCs and PSCs. Despite this, further research must be done
on the effects of ZnO nanostructures' inadequate shape on solar
cells' overall efficiency and the related process. The subject of
photocatalysis has undergone a revolution because to ZnO
nanostructured particles. Additionally, their effectiveness in
water splitting and degrading resistant organic water contami-
nants has been extensively studied and utilised. They still need
to address a few worrying features of their photocatalytic activ-
ity, perhaps through corrective action. Recently, scientists have
paid a lot of attention to ZnO's biological uses.

Currently, efforts are being made to develop more effective
ZnO NP applications for drug delivery systems, antibacterial
activity, anti-cancer activity, anti-inflammatory activity, anti-
diabetic activity, and bio-imaging activity. Recent studies
have examined the function of ZnO nano fertiliser in promot-
ing crop growth, yield, and stress. Sadly, the output of staple
food crops has not been able to keep up with the pace as the
world's population is growing at an alarming rate.

6. Synthesis 1-D Nanostructures

6.1. Aqueous Solution Synthesis Process
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Figure 2. Schematic Representation of (a) Top-Down and (b) Bot-
tom-Up Approaches.

At low temperatures, aqueous solution synthesis is fre-
quently utilized to create ceramic materials and oxide
nanostructures. This procedure involves gradually raising the
temperature of an aqueous solution of metal salts or com-
plexes to below 180°C. Because just water is used as a solvent,
such a method does not need high-pressure containers and is
also completely recyclable, secure, and environmentally ben-
eficial. With this method, organic solvents' potential toxicity,
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eventual evaporation, and safety risks are all avoided. By ad-
justing variables like temperature, precursor concentrations,
and pH level, one may fine-tune the morphology of the result-
ant nanostructures. More crucially, doping occurs during the
aqueous chemical development and is normally accomplished
by combining the precursors in the proper ratio. Additionally,
the materials' purity has significantly increased due to the ab-
sence of organic solvents and surfactants. Due to the remain-
ing salts' high solubility, water may remove them with ease.
Zinc acetate dihydrated and Ethylene glycol are mixed to
achieve the desired solution. Furthermore, different alcohols
are added to Zinc and which is proceeded for the oil bath and
installed condenser. It is heated up to 160°C and kept for one
hour. The calcination takes place at 500°C and is further kept
for one hour. It is depicted in Figure 2.

6.2. Sol-Gel Method

The sol-gel process entails the evolution of inorganic net-
works by producing a colloidal suspension (sol), and then, as
the name suggests (gel), gelating the sol to build a network in a
constant liquid phase. The precursors used to create these col-
loids are composed of a metal or metalloid and a variety of re-
active ligands. The most common metal alkali oxides are those
that react easily with water. The sol-gel process is often de-
scribed at the functional group level in terms of three reactions:
alcohol condensation, hydrolysis, and water condensation.
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Figure 3. Flow Chart of the Materials Derived from Sol-Gel.
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Because homogeneity and stoichiometric control are simple
using the sol-gel process, it is a flexible technique that can be
beneficial for producing metal oxides. It is simple to manufac-
ture materials with excellent quality and. Figure 3 shows the
flow chart of the materials derived from the sol-gel method.

6.3. Hydrothermal Synthesis

According to its definition, hydrothermal amalgamation is
a part of solvothermal synthesis, which uses water at high
pressure. The fundamental idea is that when exposed to high
temperatures and pressures, tiny crystals would uniformly nu-
cleate and develop from solution. Water serves as a catalyst as
well as a potential component of the solid-state phase at times
throughout the nucleation and growth processes. Water fre-
quently becomes supercritical in the harsh circumstances of
the amalgamation vessel (autoclave or bomb), reducing its
viscosity and enhancing the liquid's dissolving power, diffu-
sivity, and mass transport. A way to customise the density of
the finished product is also made possible by the vessel's pres-
sure adjustment capability.

Hydrothermally produced materials are typically single
crystals of exceptional quality that come in a variety of sizes
and forms. Recently, well-associated ZnO Nanorods on GaN
substrates have been created for photosensitive applications
via hydrothermal synthesis. The hydrothermal synthesis is
shown in Figure 4.
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Figure 4. Hydrothermal Synthesis Technique.

6.4. Template Directed Growth

Utilizing template-directed techniques, which use a regu-
larly structured template (such as an anodic alumina mem-
brane or a polymeric membrane) to drive the formation of the
material, it is possible to create nanostructures. Other methods,
including heat evaporation, can be used to fill the pores of
these templates. PLD, or electrodeposition. After the deposi-
tion of materials, the templates can be effectively etched out
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leaving the nanostructures. Nano rods have been obtained by
evaporation on a gold membrane. This template-directed ap-
proach can be employed to synthesize nanostructures of com-
plex materials, which are otherwise difficult to synthesize by
other common methods. In addition to these, several less pop-
ular techniques and combinations of these techniques have
been employed for the growth of nanostructures.

7. Electrochemical Deposition

An electrolytic cell made composed of an anode, which is
positively charged, a cathode, which is negatively charged,
and an electrolyte solution is used in electrodeposition to de-
posit the thin layer by the flow of electric current. From both
aqueous solutions, several different metals, metal alloys, and
semiconductor systems have been electroplated successfully.
Electroforming, a method that has several industrial uses, al-
lows for the deposition of films ranging in thickness from ex-
tremely thin to very thick. It is depicted in Figure 5.

Magnesium (working)
Platinum or stainless steel (counter)
Silver/silver chloride or copper (reference)

10 mm

<>
Smm

Figure 5. Electrochemical Deposition Technique.

8. Doping in ZnO

ZnO is a significant material for electrical and optoelec-
tronic devices due to its variety of functionalities (magnetic,
semiconducting, piezoelectric, etc.). The n-type conductivity
of ZnO may be changed by either growing it in an oxygen-
deficient environment or by doping it with group III elements
like Al, Ga, or In. ZnO is an n-type semiconductor as-grown
[28-32]. Theoretically, it has been predicted that ZnO-based
dilute magnetic semiconductors doped with transition metals
(Co, Mn) are promising candidates for room temperature fer-
romagnetism and high magnetization [33-38]. In addition to
these dopants, ZnO can also have its emission properties tai-
lored toward particular wavelengths in the visible region by
being doped with luminescent centres like rare-earth metal
ions. This is useful for a number of applications, such as mul-
ticolored emission in light emitting.
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9. Doping of Rare-Earth (RE) Ions in
Zn0

Growing ZnO in an oxygen-deficient environment or dop-
ing it with group III elements like Al, Ga, or In can both alter
its n-type conductivity. As-grown, ZnO is an n-type semicon-
ductor [39-41]. Theoretically, strong magnetization and room
temperature ferromagnetism have been anticipated for ZnO-
based dilute magnetic semiconductors doped with transition
metals (Co, Mn) [42-44]. In addition to these dopants, ZnO
may also be doped with luminous centres like rare-earth metal
ions to tune its emission characteristics toward certain wave-
lengths in the visible area. Applications for this include mul-
ticoloured emission in light emitting diodes. of the potential
applications. With the careful selection of the appropriate ion,
intense, sharp emission can be obtained across the visible re-
gion and into the near-infrared region. The emission peak po-
sitions are stable. For these practical advantages, rare earth has
been widely utilized in optical applications such as solid lasers
and phosphor in color television [45, 46]. Dorenbos and van
der [47-50] observed that the charge transfer level of RE3" in
ZnO is equal to or higher than the bottom of the conduction
band of ZnO, which leads to the absence of efficient ZnO RE**
energy transfer.

In order to avoid concentration quenching, which is par-
ticularly harmful to the luminescent features, rare-earth spe-
cies require extremely high dispersion. Since it is thought
that the rare-earth active luminescence centres are located at
the grain boundaries, improved device efficiency may be
particularly attributed to size-dependent optical characteris-
tics and high grain boundary content in Nanosystems [51-
53]. The light-emitting properties of pure and doped ZnO
nanocrystalline films are significantly influenced by the type,
amount, and distribution of dopants as well as the degree of
crystallinity. For these reasons, the synthesis conditions can
have a big impact on the luminescence properties of such
systems.

10. Zinc Oxide Thin Films

Since more than a century ago, several materials have
been produced as thin films due to their prospective uses and
the scientific interest in their characteristics. The two cate-
gories of preparation methods are physical process and
chemical process. Molecular beam epitaxy, Pulsed laser dep-
osition (PLD), physical vapour deposition (PVD) and sput-
tering are some of the physical processes involved. The gas-
phase methods are chemical vapour deposition (CVD) [54-
56] and atomic layer epitaxy (ALE) [57-60] while spray py-
rolysis spin [61-63] and dip-coating [64, 65] methods em-
ploy precursor solutions. Due to ease and inexpensiveness,
chemical techniques have been used broadly for the making
of thin films.
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11. Preparation of Zinc Oxide

The ZnO thin films can be prepared by many techniques,
such as vacuum evaporation, sol-gel sputtering, spray pyroly-
sis, chemical vapor deposition (CVD), and pulsed laser depo-
sition. The chemical spray pyrolysis has attracted several re-
search groups because of its simplicity, efficiency, and inex-
pensive technique, and can be widely used for the deposition
of large area thin films deposition.

12. Thermal Evaporation

The crucible, source material, and substrate are placed in-
side the chamber. To increase vapor pressure and its range lies
in between 10-2 and 10-9 Torr (ultra-high vacuum).

An electron source is directed at the source material during
electron-beam evaporation, which results in localized heating.
In contrast, RF induction generates an alternating current
through an induction coil using an AC power source. Within
the coil, the alternating current creates a magnetic field. Lo-
calized heat is produced when the source material is placed
within the coil because the magnetic field causes eddy cur-
rents to form inside the material. It is depicted in Figure 6.

Substrates
Zone B

shutter

Crystal
Monitor

25cm

Zn|cvaporation

+ boat

!

vacuum
pump

Figure 6. Activated Reactive Evaporation.

The usual setup for spray pyrolysis consists of an atomizer,
precursor solution, substrate heater, and temperature control-
ler. The temperature of the substrate and the precursor solution
influence the properties of the films in the spray pyrolysis pro-
cess.. Spray pyrolysis thin-film deposition may be broken
down into three fundamental processes: atomization of the
precursor. A film growth model was presented, and the gravi-
tational, electric, thermophoretic, and Stokes forces were also
taken into consideration. These forces are responsible for both
the trajectory.
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The precursor vaporizes at the greatest temperatures (pro-
cess D), therefore the solid particles are created after the
chemical reaction has taken place in the vapour phase. A flex-
ible and efficient method to deposit metal oxide layers is spray
pyrolysis. The substrate temperature is the most crucial varia-
ble. The films are highly rough and more porous as the sub-
strate temperature is greater. The films will shatter at a low
enough temperature. Additionally, the temperature of the sub-
strate affects the physical characteristics such as roughness
and crystallinity. Figure 7 shows a schematic illustration of a
homemade spray pyrolysis system.

Spray gun ﬁ,

Precursor solution :’F-..J
Reservoir -
’ Pres:u‘re ) Compressed
Spray nozzle regulator carrier gas
Substrate —‘" Thermocouple
Steel plate
|
Heater > [
 — | |( ----------- Power supply

Figure 7. Spray Pyrolysis Technique.

13. Conclusion

This summary explains ZnO is a versatile material with a
variety of characteristics, uses, and applications in the devel-
oping field of nanotechnology. ZnO NPs may be employed in
novel materials and have potential applications in a variety of
technological domains due to their high level of high photo-
stability, chemical stability, broad spectrum of radiation ab-
sorption, biodegradability, and biocompatibility. Additionally,
the development of several bio mediated eco-friendly ZnO
particle syntheses with enhanced features that may be modi-
fied for their better uses in numerous technological domains
has captivated increased attention in them in the globe of study.

The review of recent literature presented here shows that
nano- and micrometric zinc oxide particles can be manufac-
tured using a variety of techniques. These can be separated
into chemical and metallurgical processes. Zinc oxide is pro-
duced in metallurgical operations by roasting a suitable zinc
ore, either directly or indirectly. The two categories of chem-
ical methods are condensation methods and dispersion proce-
dures. Zinc oxide is produced in dispersion (mechanochemi-
cal) methods by grinding appropriate precursors. The final
product can have particles that are around 20 nm in size.

The necessity to restrict the amount of agglomeration and
minimize the amount of zinc oxide in particular materials has
prompted the development of a number of ZnO surface mod-
ification techniques.
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According to numerous studies in the literature, depending
on how the systems created are to be employed, modification
activities can be supported out utilizing inorganic chemicals
(oxides and hydroxides), organic substances (alkoxysilanes,
carboxylic acids), and specific polymer matrices. Crystalline
oxide powders offer opportunities to gain better mechanical,
chemical, optical, or electrical properties when mixed with
other materials.

One of the scientific and technological fields that is now
advancing the most quickly is the study of oxide materials
with nano- and micrometric dimensions. Among other things,
the usage of such materials can produce catalysts, transparent
solar screens that resist infrared and ultraviolet light, and ce-
ramics that are more durable. Additionally, these resources are
beneficial for scientific research, disease detection, and ther-
apy. They can be utilized to safely deliver medications to sick
cells while avoiding side effects.

According to the review of the research presented here, zinc
oxide can be categorized as a multifunctional material. A wide
spectrum of radiation absorption, good photostability, a low
electrical constant, a high electrochemical coupling index, and
excellent chemical stability are among the properties that en-
able this. It is reasonable to assume that zinc oxide will con-
tinue to grow in popularity, opening up new prospects for its
application.

Abbreviations

OSCs Organic Solar Cells

MBE Molecular Beam Epitaxy

PECVD  Plasma Enhanced Chemical Vapor Deposi-
tion

MOCVD  Metal Organic Chemical Vapor Deposition

ZnO Zinc Oxide

PLD Pulsed Laser Deposition
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