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Nanomaterials and nanoparticles are a burgeoning field of research and a rapidly expanding technology

sector in a wide variety of application domains. Nanomaterials have made exponential progress due to

their numerous uses in a variety of fields, particularly the advancement of engineering technology.

Nanoparticles are divided into various groups based on the size, shape, and structural morphology of

their bodies. The 21st century's defining feature of nanoparticles is their application in the design and

production of semiconductor devices made of metals, metal oxides, carbon allotropes, and

chalcogenides. For the researchers, these materials then opened a new door to a variety of applications,

including energy storage, catalysis, and biosensors, as well as devices for conversion and medicinal uses.

For chemical and thermal applications, ZnO is one of the most stable n-type semiconducting materials

available. It is utilised in a wide range of products, from luminous materials to batteries, supercapacitors,

solar cells to biomedical photocatalysis sensors, and it may be found in a number of forms, including

pellets, nanoparticles, bulk crystals, and thin films. The distinctive physiochemical characteristics of
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semiconducting metal oxides are particularly responsible for this. ZnO nanostructures differ depending on

the synthesis conditions, growth method, growth process, and substrate type. A number of distinct growth

strategies for ZnO nanostructures, including chemical, physical, and biological methods, have been

recorded. These nanostructures may be synthesized very simply at very low temperatures. This review

focuses on and summarizes recent achievements in fabricating semiconductor devices based on

nanostructured materials as 2D materials as well as rapidly developing hybrid structures. Apart from this,

challenges and promising prospects in this research field are also discussed.
1. Nanomaterials

Nanomaterials (NMs) and nanoparticles (NPs) are a fast
increasing technical industry and a blossoming topic of study in
a wide range of application disciplines. Due to their adjustable
physicochemical properties such as wettability, scattering, light
absorption, thermal and electrical conductivity, catalytic activity
and melting point.1 NPs and NMs have acquired signicance in
technological breakthroughs. A nanometer is a SI (System
international of units, SI) unit of length equal to 10−9 metres.
NMs are characterised in principle as materials with at least one
dimension length of 1–1000 nm; nonetheless, they are
frequently dened as having a diameter of 1–100 nm. Today,
various articles of legislation in the United States of America
(USA) and the European Union (EU) make specic mention to
NMs. However, there is no universally accepted denition of
NMs. Different organisations have divergent views on how to
dene NMs.2 “NMs can display behaviour unrelated to chemical
components of comparable size”, according to the Environ-
mental Protection Agency.3 Nanomaterials are also known as
“materials with at least one dimension in the 1–100 nm range
that exhibit dimension dependent behaviours”, according to
the US Food and Drug Administration.4 The International
Organization for Standardization denes Nanomaterials as
“any exterior nanoscale dimension or surface structure with an
internal nanoscale dimension”,5 This ISO denition has been
used to dene quantum dots, nanowires, nanoplates,
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nanobers and other related words.6 According to the EU
Commission, a nanomaterial is “a man-made or naturally
occurring substance that can be unbound, aggregated, or
agglomerated and has particles whose sizes on the surface
range from 1 to 100 nanometers”.7

Since the last century, nanotechnology has been a well-
known eld of study. Richard P. Feynman is credited with
coining the phrase “nanotechnology” in the year 1959, when he
delivered the famous lecture “There is Plenty of Room at the
Bottom”.9 Nanoscale technology has been used to create
a variety of materials. Nanoparticles are divided into several
categories. Nanoparticles are particles with a diameter of 1 to
100 nanometers.10 Depending on the shape, nanoparticles can
be 0D, 1D, 2D, or 3D.11
2. Classification of nanomaterials

Nanoparticles are categorized into their respective categories
based on their morphology, which refers to their structure, as
well as their size and shape. The nanoparticles listed below are
some of the most signicant types currently known.
2.1 Organic nanomaterials

Fig. 1 displays a number of different types of organic nano-
particles, some of which are micelles, dendrimers, liposomes,
nanogels, polymeric NPs, and layered biopolymer. Certain
organic nanoparticles, such as micelles and liposomes, have
a hollow sphere, and they are non-toxic and biodegradable.
Organic nanoparticles can also be broken down naturally. This
name is also used to refer to nanocapsules, which are extremely
sensitive to light and heat.12 Due to the fact that organic
nanoparticles exhibit these properties, they are an excellent
option for the transportation of pharmaceuticals. Nanoparticles
are also frequently used in the process of transporting target
medications to their intended locations. Organic nanoparticles
are also sometimes referred to by the label polymeric nano-
particles. The nanosphere or nanocapsule is the most famous
form of polymeric or organic nanoparticles.13 The matrix
particles have a solid sphere of mass and adsorb other mole-
cules at the outer boundary of spherical surface. Particles
encapsulated the solid mass in the later case.14 Fig. 1 displaying
the organic nanoparticles.
2.2. Inorganic nanomaterials

Inorganic nanoparticles do not contain carbon. Inorganic
nanoparticles have the advantages of being hydrophilic, non-
toxic, and biocompatible with living systems. The stability of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The Schematic diagram of organic nanoparticles.
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inorganic nanoparticles is superior to that of organic
nanoparticles.

Magnetic nanoparticles (mNPs) are one of the most signi-
cant inorganic nanomaterials.15 A magnetic core (e.g. maghe-
mite (g-Fe2O3) or magnetite (Fe3O4)) is generally present.16

Other metals, such as nickel and cobalt, are also employed,
although their applications are limited due to their toxicity and
oxidation vulnerability.17 Ferritin, a type of protein, is where the
vast majority of iron is kept in the human body. Iron oxide
mNPs have the ability to digest excess iron and restore the
supply in the human body. There is a continuous presence of
these cationic mNPs in the endosomes for a considerable
amount of time. This continues to be the case over and over
again.18 Aer that, during the postcellular absorption process
that takes place in the endosome and the lysosome, elemental
components like iron and oxygen are brought into the body's
storage, where hydrolytic enzymes either digest them or cause
their destruction. In the human body, homeostasis is the
process through which iron levels are maintained and adjusted.
Adsorption, excretion, and storage are all processes that
contribute to this process. Iron oxide nanoparticles help the
body digest any excess iron that may be present.19 Iron is
essential in almost all biological tissues, yet it has a low
bioavailability. In certain circumstances, it can damage the cells
when they are in the form of free iron or when it is not
© 2023 The Author(s). Published by the Royal Society of Chemistry
associated with haemoglobin. Additionally, it can be harmful to
cells when it is present alone. Fig. 2 displaying the inorganic
nanomaterials.

2.2.1. Metal nanomaterials. Nanoparticles of metallica can
be synthesized from metals through either constructive or
destructive mechanisms. In order to create pure metal nano-
particles, metal precursors are required for the production
process. Metal nanoparticles have distinctive optoelectrical
properties, which can be attributed to their plasma on reso-
nance characteristics.20 The size, shape, and surface of the
metal nanoparticles all play a role in the synthesis process in
their own unique ways.21 All metal nanoparticles can be syn-
thesised.22 Nanoparticles of the metals cadmium, aluminium,
copper, silver, lead, cobalt, zinc, gold, and iron are all examples
of well-known nanoparticles of the element. Nanoparticles can
be identied by their smaller size (10 to 100 nm), their surface
properties such as pore size, surface charge, environmental
factors, surface area to volume ratio, structure (amorphous and
crystalline), shapes (irregular, rod, spherical, cylindrical,
tetragonal and hexagonal), surface charge density and colour.
Nanoparticles have been shown to have a variety of applications
in a variety of elds (air, heat, moisture and sunlight). In the
eld of medicine, nanoparticles made of zinc, gold, silver,
platinum, iron and copper, as well as those made of other
metals, have garnered a lot of attention. Metallic nanoparticles
RSC Adv., 2023, 13, 13735–13785 | 13737
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Fig. 2 Inorganic nanoparticles, metal and metal oxide nanoparticles are categorized as inorganic nanoparticles.
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can occur in solution, as Sathyanarayanan (2013)23 demon-
strated. Later onwards, Salas et al. (2019)24 conducted research
on the colour and shape of metallic nanoparticles. Changing
the chemical groups that help antibodies bind to nanoparticles
may now be done during the manufacturing process, which also
allows for improvements. Noble metal nanoparticles have been
utilized in a diversity of biomedical applications, including
those that treat cancer, diagnose diseases, improve the effec-
tiveness of radiotherapy, ght germs and fungi, perform
thermal ablation, deliver drugs and transport genes (Au, Pt, Ag).
Nanoparticles made of noble metals have a number of unique
properties, all of which contribute to their increased value. In
order to target a wide variety of cell types, metal nanoparticles
can be functionalized with a wide variety of functional groups,
including antibodies, peptides, DNA, and RNA, as well as
biocompatible polymers, such as polyethylene glycol. (Prasanna
et al., 2019).25 Fig. 3 displaying the metal nanomaterials.

2.2.2. Metal-oxide nanomaterials. The major goal in the
manufacture ofmetal oxide nanomaterials is the alteration of the
properties of the relevant metal nanomaterials. One example of
this would be the transformation of iron nanoparticles into iron
oxide nanoparticles. When compared to the reactivity of nano-
particles made of iron, the reactivity of nanoparticles made of
13738 | RSC Adv., 2023, 13, 13735–13785
iron oxide is substantially higher. Nanoparticles of metal oxide
are producedwhen the efficiency and reactivity ofmetal oxide are
increased. This results in the production of the nanoparticles.26

Zinc oxide, iron oxide, silicon dioxide, magnetite, titanium oxide,
aluminium oxide and cerium oxide are examples of metal oxide
nanomaterials. Nanoparticles made of metal oxides have shown
promising outcomes in studies conducted in the eld of
biomedicine. Antibacterial activity has been demonstrated for
a wide variety of metal oxide nanoparticles, including but not
limited to MnO2, FeO, Ag2O, ZnO, Bi2O3, CuO, CaO, Al2O3, MgO,
and TiO2. Researchers Sigmund et al. (2006)27 looked into the
impacts of Ag2O nanoparticles and came to the conclusion that
they could be a potential new source of antibiotics. Thomas et al.
(2015)28 also revealed that Ag2O nanoparticles had antibacterial
capabilities against E. coli. Zinc oxide nanoparticles demon-
strated strong bactericidal efficacy both Gram-negative and
Gram-positive bacteria and spores. High pressure and tempera-
ture have little effect on these bacteria and spores. In addition,
Fadeel et al. (2010)29 looked at the antibacterial characteristics of
ZnO at a range of different particle sizes. According to the nd-
ings, the bactericidal effectiveness of ZnO nanoparticles
increased in direct proportion to the decrease in particle size.
Akif et al. (2022)30 investigated the antibacterial effects of ZnO,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Metal nanomaterials.
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Fe2O3 and CuO nanoparticles on Gram-negative bacteria such as
P. aeruginosa, E. coli, and others, as well as Gram-positive
bacteria such as Bacillus subtilis and Staphylococcus aureus.
They found that all three nanoparticles inhibited the growth of
the bacteria. According to these data, ZnO has a potent antimi-
crobial impact, whereas Fe2O3 nanoparticles have the weakest
effect against bacteria. Fig. 4 displaying the metal & metal oxide
nanomaterials.
2.3. Ceramics nanomaterials

Ceramic nanoparticles are also referred to as nonmetallic solids
in some circles. The process of synthesising ceramic nano-
particles involves periodically heating or cooling the material.
Ceramic nanoparticles can have a variety of different structures,
including amorphous, polycrystalline, dense, hollow or
porous.32 These nanoparticles are of interest to the researchers
due to the vast range of applications that can be achieved with
their utilisation, including photocatalysis, dye photo-
degradation, imaging and catalysis.33

The research and development of innovative ceramic mate-
rials with potential uses in biomedicine is currently advancing
at a rapid speed. In order to reduce the cytotoxicity of nanoscale
ceramics such titanium oxide (TiO2), hydroxyapatite (HA),
alumina (Al2O3) silica (SiO2), and zirconia (ZrO2) in biological
© 2023 The Author(s). Published by the Royal Society of Chemistry
systems, new synthetic techniques were utilized to optimize the
physical-chemical characteristics of these nanoscale ceramics.
Nonetheless, when novel ceramic materials were used, the host
had negative reactions (in a number of organs, including the
immune system). When it comes to the applications of ceramic
nanoparticles in biomedicine, regulated drug release is one of
the sectors that has received themost attention. In this eld, the
size and the dose are extremely signicant factors. Nano-
particles are a promising technique for managing drug delivery
due to a number of properties, including their load capacity and
high stability, as well as their ease of absorption into both
hydrophilic and hydrophobic systems. Additionally, nano-
particles can be administered via a variety of different routes
(inhalation, oral, etc.). A wide variety of organic groups that are
capable of being functionalized on its surfaces also make it
possible to achieve a specic effect. Titanium dioxide is a pho-
tocatalytic substance with a wide range of dielectric and optical
properties due to its various crystalline structures.

Titanium dioxide nanoparticles are stable in anatase at the
nanoscale; nonetheless, they also have the maximum level of
cytotoxicity in the region of 3 to 10 nm, which is more than 100
times the scale in the rutile phase. Nanoparticles like this are
regularly put to use as drug-eluting carriers or excipient
formulations in the eld of pharmacology. In point of fact, they
RSC Adv., 2023, 13, 13735–13785 | 13739
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Fig. 4 Different types of metal and metal oxide-based nanomaterials.
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are being used in photodynamic therapy due to the fact that
they photooxidize oxygen quite well. In addition, the cytotoxic
properties of nanoparticles are lessened when they are
combined with other substances for example, hydroxyapatite.
The pharmaceutically active mesoporous silica molecules have
a number of key properties, some of the most important of
which are the automatic release of prospective drugs, the ease
with which they can be dissolved, and their availability in the
organism.

Because even a minor shi in the conditions of the synthesis
can result in variable forms, sizes, and subsequent physico-
chemical properties, it is challenging to develop strategies that
can combine biocompatibility and minimise the harmful
effects that these nanoparticles may exhibit in biological
systems. This is because it is difficult to create methods that can
combine biocompatible materials with nanoparticles. Because
13740 | RSC Adv., 2023, 13, 13735–13785
of this, it is difficult to develop techniques that can combine
biocompatibility and minimise the bad effects that these
nanoparticles may exhibit in biological systems. This is due to
the fact that it is difficult to create methods that can combine
biocompatibility with nanoparticles. This makes it difficult to
nd methods that can combine biocompatibility and physico-
chemical properties.34 Fig. 5a–d displaying SEM & Fig. 5e–h
displaying TEM images of SiO2 nanoparticles.
2.4. Bionanomaterials

A biological or bio-nanomaterials is an assembly of atoms or
molecules that is produced in a biological system and has at
least one dimension that falls within the range of 1 to 100 nm.35

Other terms for this type of particle include bio-nanomaterial
and biological nanomaterial. Nanoparticles that can be found
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM and TEM micrograph of SiO2 nanoparticles. (a) and (b) reproduced with permission. Copyright 2011, Nature,30 (c) reproduced with
permission. Copyright 2012, Royal Society Chemistry.31 (d) Reproducedwith permission. Copyright 2012, Royal Society of Open Science,32 (e) and
(f) reproduced with permission. Copyright 201, Nature,30 (g) and (h) reproduced with permission. Copyright 2012, Royal Society Chemistry.31

Fig. 6 Bionanoparticles include exosomes, magnetosomes, lipoproteins, viruses and ferritin.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 13735–13785 | 13741
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in nature are referred to as bionanoparticles. These nano-
particles can either have an extracellular or an intracellular
structure, depending on their location. Magnetosomes are an
example of an internal structure, whereas viruses and lipopro-
teins are examples of structures that are found outside of cells.
Bionanoparticles include exosomes, magnetosomes, lipopro-
teins, viruses and ferritin.36 Fig. 6 displaying the
bionanomaterials.

2.5. Carbon based nanomaterials

Carbon-based materials have been debated as valuable treasure
in recent times owing to the presence of a variety of allotropes of
carbon, which range from well-known allotropic phases like
amorphous diamond, graphite and carbon to recently discov-
ered allotropes like opportune graphene quantum dots (GQDs),
fullerene, graphene oxide (GO) and carbon nanotubes (CNTs).
Amorphous carbon is one of the most common forms of
carbon.37 Single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs) are the two categories that
can be used to categorise carbon nanotubes. A carbon nanotube
is a hollow cylinder that is constructed of graphitic sheets. Aer
rolling out a single graphitic sheet with a high aspect ratio,
Fig. 7 Carbon based nanomaterials. Carbon-based nanoparticles inclu
carbon black.

13742 | RSC Adv., 2023, 13, 13735–13785
single-walled carbon nanotubes with a cylindrical nano-
structure were produced. Multi-walled carbon nanotube is
composed of a few graphitic layers arranged in a rolling pattern
with a gap of 3.4 angstroms between each layer.38 Graphene
possesses a wide array of exceptional qualities, any one of which
could make it an asset for use in bio-applications. Simple
functionalization has the ability to result in a rise in the number
of functional groups on the surface of the material, which then
permits the precise and selective detection of a variety of bio-
logical components. In addition, it is an excellent option for the
delivery of pharmaceuticals due to the exceptionally wide
surface area it contains, the chemical purity it possesses, and
the free electrons it possesses. This makes it a great alternative
for the administration of pharmaceuticals.39,40 Another
appealing biomaterial from the carbon family that has recently
been developed is graphene quantum dots, it has lateral
dimensions of less than 100 nm and is comprised of a single
layer or a few layers and is described as a zero-dimensional
graphene sheet.41 As a result of the quantum connement
that takes place when two-dimensional graphene sheets are
converted into graphene quantum dots, the photoluminescence
properties of the graphene quantum dots are enhanced to an
de carbon nanotubes, graphene, carbon nanofibers, fullerenes and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exceptional standard.42 Surprisingly, graphene quantum dots
exhibits excellent biocompatibility and photo-bleaching dura-
bility relative to conventional uorochromes or semiconductor
quantum dots. This is because graphene quantum dots are
made from natural materials. In addition, graphene quantum
dots have important graphene properties, such as accessible
electrons and a large surface area. These properties make gra-
phene quantum dots a smart nanomaterial for a variety of
biomedical applications, including biomolecule sensing, cancer
therapy, imaging, targeted drug delivery, and so on. Graphene
quantum dots have been shown to be useful in these applica-
tions. In addition, graphene quantum dots have a large surface
area and accessible electrons.43,44

Carbon-based nanomaterials are formed entirely of carbon.
Carbon-based nanoparticles include carbon nanotubes, gra-
phene, carbon nanobers, fullerenes and carbon black.45 Fig. 7
displaying the carbon based nanomaterials.

2.5.1. Fullerene. Fullerene has a highly symmetric cage that
can range in size from C60, C70, and beyond due of its unusual
structure of sp2 carbons. In the as-synthesized formulation, C60

is the most prevalent fullerene, and its molecular structure,
which can be shown in Fig. 8 together with that of C70, can be
seen to be very similar.46 C60 is composed of 60 carbon atoms
bonded to one another by single C5–C5 bonds, which result in
the formation of 12 pentagons, and double C5–C6 bonds, which
result in the formation of 20 hexagons.47 In reality, a ‘n’ hexagon
is present in every fullerene that has 2n + 20 carbon atoms.48

Fullerene C60 has the shape of a football, and according to Yadaf
and colleagues, the diameter of the earth is 12.75 × 106 metres,
Fig. 8 (a–c) Shows the Fullerenes in different forms, C60 and (d–f) show

© 2023 The Author(s). Published by the Royal Society of Chemistry
the diameter of a soccer ball is 2.2 × 101 metres, and the
diameter of a fullerene molecule is 7.0× 1010 metres. According
to the ndings of the study, the proportion of a fullerene
molecule to a soccer ball is analogous to the proportion of
a soccer ball to the earth.49

In terms of crystallographic properties, the presence of
symmetric elements such as 20 tripled axes, 12 vefold axes and
30 twofold axes has made fullerene the most symmetrical
molecule that is regulated by the Golden Mean rule (as was
previously stated). Fullerene also possesses 12 vefold axes and
20 tripled axes.49,50 C60 has a structure that is sufficiently stable
that it may be described as having face-centered cubic lattices in
its solid phase where fullerene cage disintegration occurs at
temperatures more than 10008 °C. To analyse fullerene, many
spectroscopic approaches such as FTIR, NMR, UV-vis, and
Raman spectroscopy could be used.46 Furthermore, Biomole-
cules, particularly those structured by the Fibonacci sequence
and exhibiting Golden Mean properties, have discovered
fullerene to be a promising nanomaterial.51 C60 is an
outstanding candidate for photodynamic therapy due to the fact
that, among its many properties, it possesses the capacity to
generate oxygen species when it is illuminated by visible light.52

The puzzling behaviour of fullerene in solutions is evidence of
a newly known interaction between solvents and solute.
Because of this interaction, the fullerene molecule has not
changed conformationally or in a way that is dependent on the
solvent, nor has it taken on the shape of a hexagon. Fullerenes
have sp2 hybridized carbon atoms that connect them together.
Fullerenes constructed of C70 or C60 have diameters of 7.648 and
s the C70 carbon nanotubes.

RSC Adv., 2023, 13, 13735–13785 | 13743
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7.114 nm,53 respectively. A single layer of fullerene or a multi-
layer of fullerene can be used. Fig. 8a–c displaying the fullerene
C60 & Fig. 8d–f displaying the fullerene C70.

Carbon may bond in a variety of ways to develop structures
with vastly diverse properties. Carbon sp2 hybridization
produces a layered structure with strong inplane limitations
and modest out-of-plane van der Waals bonding. Multi walled
carbon nanotubes are produced by surrounding a standard core
hollow with a few to a few tens of concentric cylinders with
regular periodic interlayer spacing. An interlayer spacing range
was discovered during realspace evaluation of multiwall nano-
tube images (0.34–0.39 nm).56 MWCNTs can have an interal
diameter anywhere from 0.4 nm to a few nanometers, while
their outside diameters can range anywhere from 2 nm to 20 to
30 nm, dependent on the number of layers they are composed
of. Both of the normally closed tips of the MWCNT have dome-
shaped half-fullerene molecules capping them. These defects,
which are also referred to as pentagonal defects, cap the nor-
mally closed points. The axial sizes of these defects range from
Fig. 9 Single wall nanotubes are shown in (a–c), double wall nanotubes a
are made from graphene sheet.

13744 | RSC Adv., 2023, 13, 13735–13785
one metre to just a few centimetres in width. The purpose of the
half-fullerene molecules, which are also referred to as
a pentagonal ring defect, is to make the operation of capping off
both ends of the tube more easy. On the other side, single-wall
carbon nanotubes (SWCNTs) have diameters that can be
anywhere from 0.4 to 2 to 3 nanometers, while their lengths
typically fall somewhere in the micrometre zone. In most cases,
SWCNTs are able to create bundles by joining together (ropes).
Within a bundle structure, the SWCNTs are organised in
a hexagonal pattern to create a structure similar to a crystal.57

Carbon nano tubes are elongated tubular structures with
a diameter of 1 to 2 nm.58 Based on diameter, a carbon nano-
tube can be classied as semiconducting or metallic.59 CNT has
a structure that looks like a graphite sheet rolling on itself. Fig. 9
shows how (a–c), (d–f) and (g–i) single-walled nanotubes
(SWNTs), double-walled nanotubes (DWNTs) and multi-walled
nanotubes (MWNTs) looks like. Which is further classied
based on their rolling properties.
re shown in (d–f) andmultiple wall nanotubes are shown in (g–i) which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.5.1.1. Single walled carbon nanotubes. Carbon has
a ground state structure of 2s22p2 with a valence shell of four
electrons. Both graphite and diamond are naturally occurring
crystalline forms of pure carbon. Graphite is the more common
of the two. Unlike graphite, which has sp2 hybridization, dia-
mond possesses sp3 hybridization, which gives it its amazing
rigidity. Graphite, on the other hand, has sp2 hybridization.
Along the x–y plane, each carbon atom in graphite forms C–C
bonds with three more carbon atoms at an angle of 120°, while
a – bond is formed along the z axis.54 In sp2 hybridization, the
C–C bond length is 1.42 nm and the spacing between carbon
layers is 3.35 nm.55,56 Graphite is an exceptional electrical
conductor because it possesses delocalized electrons that are
free to ow throughout the structure of the graphite. This
makes graphite a wonderful material. Carbon nanotubes, also
known as CNTs, are hexagonal networks made up of carbon
atoms. The diameter of a carbon nanotube can range from one
to one hundredmetres, and it has a diameter of one nanometer.
CNTs are cylindrical structures that are made up of sheets of
graphene that have been rolled up to form a continuous tube.55

In the middle of the 1970s, Endo was able to take the very rst
high resolution transmission electron microcopy (HRTEM)
pictures of carbon nanotubes.57 Later, Iijima58 found helical
Fig. 10 (a–i) Displaying the different types of graphenes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
carbon microtubules, now known as nanotubes, using HRTEM
and electron diffraction in the Arc-Discharge Fullerene
Reactor.58 Single-walled carbon nanotubes, also known as
SWNTs, are cylinders with a nanometer-scale diameter that are
composed of a single sheet of graphene that has been wrapped
around to form a tube. Nanowires can be metallic or semi-
conducting based on the chirality of SWNTs.59–62 The level of
twist in the graphene sheet is the primary factor that inuences
the electrical conductivity of carbon nanotubes.

A single rolled sheet is used to make single-walled nano-
tubes. Single-walled nanotubes have a diameter of 0.7 nano-
meters. The length varies depending on the method used to
prepare it.63 Fig. 9a–c displaying the single walled Carbon
nanotubes.

2.5.1.2. Double walled carbon nanotubes. Carbon nanotubes,
also known as pure carbon polymer chains, are nanometer-
sized cylindrical structures made up of single or concentric
multilayers of graphene sheets. Many scientists have been
interested in double walled carbon nanotubes in recent years
because their intrinsic coaxial topologies give birth to novel
electrical and mechanical properties that have not been previ-
ously observed. We were able to determine whether or not
double-walled carbon nanotubes of a particularly high purity
RSC Adv., 2023, 13, 13735–13785 | 13745
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behave as quantum wires and whether or not there is
a symmetric relationship between concentric tubes during the
growing process by painstakingly preparing them. Also inves-
tigated was the shell inuence on the electrical conductivity as
well as the adsorption characteristics of a coaxial nanotube
wire. When compared to single walled carbon nanotubes
(SWCNTs), double walled carbon nanotubes (DWCNTs) and
multi walled carbon nanotubes (MWCNTs) are preferred
materials for bi-cables, atomic force microscopy tips, hydrogen
storage materials, electrochemical electrodes, nanocomposites,
eld emission display sources, nanotube and various electrical
devices.64

Double-walled nanotubes are made up of two layers of rolled
sheet. Fig. 9d–f displaying the double walled carbon nanotubes.

2.5.1.3. Multi walled carbon nanotubes. Multiple rolled
sheets make up Multiwalled Nanotubes (MWNTs). Multi-walled
nanotubes have a minimum diameter of 100 nm. A graphene
nanofoil with a hexagonal carbon lattice is coiled into a cylin-
drical shape to make nanotubes. Carbon tubes range in length
Fig. 11 (a–i) Displaying the different type of carbon nanofibers.

13746 | RSC Adv., 2023, 13, 13735–13785
from a few micrometres to many millimetres. CNT is a strong
material.65 When CNT is bent, it returns to its original shape
without becoming brittle. CNT has a variety of structures and
shapes, as well as varied thicknesses, lengths, and layers,66 but
its properties are based on graphene sheets. Fig. 9g–i displaying
the multi walled carbon nanotubes.

2.5.2. Graphene. The rst two-dimensional atomic crystal
to be synthesised in a laboratory is graphene. They are
employed in a wide number of applications due to the
remarkable chemical and physical qualities, such as elasticity,
mechanical stiffness and strength, as well as extraordinarily
high thermal and electrical conductivity, that they possess.67,68

Graphene is a carbon allotrope. It's a planar hexagonal honey-
comb carbon atom lattice with a two-dimensional hexagonal
honeycomb carbon atom lattice. The graphene layer is 1 nm
thick. Graphene is made up of a single layer of carbon atoms
that are sp2-bonded to one another in a honeycomb lattice.
Since Novoselov et al. initial's synthesis at Manchester Univer-
sity in 2004,69 Because of its excellent physical properties,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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graphene has attracted considerable attention and scientic
curiosity.69 Graphene is a semiconducting material that has no
effective mass and a band gap that is equal to zero.67,70,71 At
ambient conditions, it exhibits a signicant ambipolar electric
eld effect with a high charge carrier mobility (up to 10 000 cm2

V−1 s−1).67,69 Graphene is the strongest material that has ever
been examined, as evidenced by its breaking strength of 42
Nm−1 and its Young's modulus of approximately equal 1.0
TPa.72 Due to these fascinating features, graphene has demon-
strated promise in a variety of applications, including electrical
and photonic devices,73,74 sensing platforms,75,76 and clean
energy applications.77 Fig. 10a–i displaying the different types of
graphenes.

2.5.3. Carbon nanobres. Carbon is a chemically unique
element. Because of its unique electrical structure, it is able to
make covalent bonds, either in the form of rings or long chains,
with other chemical elements such as hydrogen, as well as with
itself. Carbon nanobers, also known as CNFs, are a type of
nanomaterial that only exists in one dimension and have amore
intricate structure than carbon nanotubes (CNTs). Because of
their one-of-a-kind properties, CNFs are well-suited for a diverse
range of applications, such as hydrogen storage,
Fig. 12 (a–i) Displaying the carbon black.

© 2023 The Author(s). Published by the Royal Society of Chemistry
electrochemical catalysis, polymer reinforcing and selective
adsorption.78–80 The direction in which carbon layers in CNFs
are arranged has an effect on their mechanical properties.
Carbon nanobres are structured as discontinuous linear la-
ments based on sp2, having an average aspect ratio that is larger
than 100 : 1.81 The identical graphene nanofoils that are used to
make carbon nanotubes are transferred into carbon nanober;
however, rather than being twisted into long cylindrical tubes,
the nanofoils are formed into a cup or cone.

In the majority of carbon nanobers, subsequent examina-
tions revealed that the layers of graphitic planes are not
adjusted along the axis of the bre, as the name suggests.82

Carbon nanobers can take on a variety of morphologies, as
illustrated in Fig. 11, controlled by the angle of the graphene
layers that comprise the lament.82 In addition to platelet
carbon nanobers (shown in Fig. 11a–e) and ribbon or tubular
carbon nanobers (also known as carbon nanotubes) (shown in
Fig. 11f–i), there is another type of carbon nanober known as
shbone carbon nanobers. In shbone carbon nanobers, the
graphene layers are arranged at an angle to the primary and
perpendicular axes of the nanober. Fig. 11a–i displaying the
different type of carbon nanobers.
RSC Adv., 2023, 13, 13735–13785 | 13747

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01421e


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 9
:5

0:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.5.4. Carbon black. Carbon black is the brand name for
a variety of produced ne-particle materials that are also sold
under a wide range of other business names and have a range of
different physicochemical features, but almost entirely consist
of EC. These products are referred to as “carbon black” because
they are sold under this brand name. CB has been produced on
a commercial scale for more than a century, and with a global
production that totaled around 9.8 million metric tonnes in
2008, it has been recognised as one of the top y industrial
chemicals produced anywhere in the world.83,84 Rubber appli-
cations account for approximately 90% of CB use in the Japan,
United States and Western Europe. These applications include
rubber automotive products (e.g., hoses, belts, and miscella-
neous), tire-related automobiles applications and non-
automotive industrial rubber products.83,84 The remaining
10% is allocated to various specialty CB applications, such as
UV absorber, pigment and conductor in polymers, inks, and
coatings.85,86 It is made up of carbon and is an amorphous
substance. Carbon black has a spherical form. The diameter
varies between 20 and 70 nanometers. Fig. 12a–i displaying the
carbon black.
3. Classification of nanomaterials on
the basis of dimensions

One-dimensional nanomaterials, two-dimensional nano-
materials, and three-dimensional nanomaterials are the three
types of nanomaterials.
Fig. 13 Different types of 1D nanomaterials SEM images (a) and (b) nanor
VCH,99 (c) nanofibers,100 (d) and (e) nanowires and nanoribbons,101 (f) nan

13748 | RSC Adv., 2023, 13, 13735–13785
3.1. One dimension nanomaterials

The preceding ten years have witnessed a rise in interest for one-
dimensional nanostructured materials (1D NSMs), which may
be attributed to the signicance of 1D nanomaterials in
research and development as well as the breadth of their
probable applications. It is generally agreed upon that one-
dimensional nanomaterials are suitable systems for investi-
gating a wide variety of one-of-a-kind nanoscale phenomena as
well as the dependence of functional features on size and
dimensions. In addition to this, it is anticipated that they will
play an important part in the construction of nanoscale EED,
electrical and optoelectronic devices by acting as interconnects
and fundamental units. In the wake of the groundbreaking
work done by Iijima, the eld of 1D nanomaterials, which
includes nanotubes, has attracted a signicant amount of
interest.87 1D NSMs have signicant implications for alternative
energy sources, nanodevices and systems, national security,
nanoelectronics, and nanocomposite materials.88 Nanowires,
nanoribbons, nanobelts, nanotubes, nanorods, and hierar-
chical nanostructures are some examples of 1D nanomaterials
that we provide in Fig. 13. These 1D nanomaterials have been
made in laboratories operated by others.89,89 The number 10−9 90

appears in the word nano, it is the equivalent of one billionth of
any unit and outcomes in the fabrication of one-dimensional
nanomaterials just like thin lms. Nanoparticles have a wide
range of uses in many different scientic disciplines, including
chemistry, engineering, electronics, and pharmaceutics.91 The
thickness of the monolayers or thin lmsmight range anywhere
ods & nanowires, reproduced with permission. Copyright 2003, WILEY-
osheets,102 (g) nanotubes and (h) nanowires.103

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from one to one hundred nanometers. Nanomaterials like these
are utilized extensively in research and also play a role in the
production of nanoscale LEDs, electronic devices and storage
systems,92 optoelectronic, chemical, and biosensing,93 magne-
tooptics,94 bre optic systems, and optical devices. One-
dimensional nanomaterials are used to make essential nano-
scale materials such nanotubes, nanobelts, nanowires,95 nano-
ribbons,96 and hierarchical nanostructures.97,98 Fig. 13a–h dis-
playing the one dimension nanomaterials.
3.2. Two dimension nanomaterials

Outside of the nanoscopic range of sizes, there is the possibility
of two-dimensional nanostructures. In recent years, synthetic
2D nanomaterials have emerged as a primary focus of research
in the eld of materials science due to the various low-
dimensional properties that differentiate them from the
volume properties of traditional materials. This is because of
the numerous advantages that these nanomaterials offer. Over
the past few years, a signicant amount of attention in scientic
research has been directed toward the production of 2D nano-
materials in an effort to obtain 2D NSMs. Certain geometries of
2D NSMs exhibit unique shape-dependent features, which
enables them to be subsequently utilized as building blocks for
the construction of important parts of nanodevices.104–106

Additionally, 2D NSMs are particularly attractive for investi-
gating and creating new applications in nanoreactors,
templates, photocatalysts, nanocontainers and sensors for 2-
dimensional structures of other materials.107,108 In Fig. 14, we
illustrate the two-dimensional nanomaterials known as nano-
disks, nanosheets, nanoprisms, nanowalls, branched struc-
tures, nanoplates and junctions (continuous islands).89 2-
Dimensional nanostructures are characterised by their singular
form and the presence of two dimensions that lie outside of the
Fig. 14 Different types of 2D Nanomaterials SEM & TEM images, (a) and

© 2023 The Author(s). Published by the Royal Society of Chemistry
nanometric size range. Nanomaterials with a two-dimensional
structure are utilized as the fundamental building blocks for
the essential parts of nanodevices.97Nanocontainers, templates,
nanoreactors and sensor photocatalysts for 2D structures are all
examples of two-dimensional nanomaterials. Two-dimensional
nanoparticles include carbon nanotubes. Fig. 14a–h displaying
the two dimensional nanoparticles.
3.3. Three dimension nanomaterials

Due to the quantum size effect and other factors, 3D nano-
materials have gained a substantial amount of research atten-
tion because of their enormous specic surface area.
Additionally, 3D nanomaterials have various benets over their
bulk components as a result of the quantum size effect. As
a result, numerous 3D nanomaterials have been produced over
the course of the past decade.89 It is well established that the
behaviours of nanomaterials are heavily dependent on their
forms, sizes, morphologies, and dimensionality, all of which are
critical considerations in determining their eventual perfor-
mance and applications. As a consequence of this, the synthesis
of three-dimensional NSMs that have a specied structure and
shape is of the extreme signicance. In addition, three-
dimensional nanostructures are an important material
because of the many different uses that can be discovered for
them in the elds of magnetic materials, battery electrode
materials and catalysis.89 As a result of increase in surface area
of these materials and their ability to offer sufficient absorption
sites for all molecules that are in demand within a constrained
area, there has been a surge in recent times of interest in the
study of three-dimensional nanomaterials. This is one of the
reasons why there has been a surge in interest in the study of
three-dimensional nanomaterials.112 On the other hand, such
three-dimensional porous materials may facilitate the transit of
(b) ref. 109, (c)–(f) ref. 110, (g) and (h) ref. 111.

RSC Adv., 2023, 13, 13735–13785 | 13749
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Fig. 15 Different types of 3D Nanomaterials SEM & TEM images (a) and (b) ref. 115, (c)–(e) ref. 116, (f) and (g) ref. 117 and (h) ref. 118.
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molecules.112,113 We illustrate typical 3D NMSs in Fig. 15,
including nanocoils, nanoowers, nanopillers, nanocones, and
nanoballs (dendritic structures).89 The behaviour of nano-
materials is determined by their size, shape, morphology and
dimension, which are the fundamental parameters for nano-
structure performance and application.114 Three-dimensional
nanomaterials have aroused interest in research and medical
science throughout the last decade. Nanoparticles like these
have a wide variety of applications, including rechargeable
batteries, catalysis, and the transport of reactants and products
in magnetic materials. Nanoparticles with three dimensions
can be represented by examples such as quantum dots, den-
drimers, and fullerenes. Fig. 15a–h displaying the three
dimensional nanomaterials.
4. Introduction of ZnO

The most important innovations of the 21st century are the
design and fabrication of nanoscale materials made of metal
oxides, metals, carbon allotropes and chalcogenides. These
materials are used in a vast range of elds, such as energy
storage, catalysis and biosensors, conversion devices and
biomedical applications. In particular, the unique physi-
ochemical properties of semiconducting metal oxides, such as
SnO2, ZnO, and TiO2, which vary depending on size and shape,
have been extensively researched and exploited. One of themost
stable n-type semiconducting materials for chemical and
thermal applications is ZnO, which is available in a variety of
forms including pellets, bulk crystal and thin lm for use in
everything from luminescent materials to batteries, super-
capacitors and solar cells to biomedical and photocatalysis
sensors. Because of their non-toxicity, large specic area, high
13750 | RSC Adv., 2023, 13, 13735–13785
sensitivity, high isoelectric point and good compatibility, ZnO
nanostructures (nanorods, nanowires, nanorings, nanospheres
and nanotubes) have recently received attention. When
compared to their macroscopic counterparts, nano-sized
materials have faster dissolution rates and higher solubility.119

In the category of semiconductor metal oxides, semi-
conductors in the 2–6 group at nanoscale are widely recognized
for their diverse and extensive uses in a variety of elds,
including solar cells, diluted magnetic semiconductors (DMS),
optoelectronic devices, eld effect transistors and photo-
luminescence appliances, to name a few.120

In general, nanomaterials can be subdivided into one of
three categories: zero-dimensional, one-dimensional, or two-
dimensional. Nanostructures with zero dimensions, also
known as nanoparticles with a near-unity aspect ratio or
quantum dots, have found widespread application in the eld
of biological research.121,122 These nanoparticles have a two-
dimensional structure and nd widespread use in a variety of
applications, including optical coatings and corrosion preven-
tion. Nanomaterials can be utilised in a variety of ways, one of
which is the production of thin lms. One-dimensional semi-
conductor nanomaterials, such as nanorods, nanobelts, nano-
wires and nanobres, have attracted a lot of attention in both
academic research and industrial applications due to the fact
that they can be used as building blocks for other types of
materials. This is because of the fact that one-dimensional
semiconductor nanostructures can be constructed from other
types of structures.123 Materials with 1D nanostructures can be
helpful for research into the interaction between thermal and
electrical transport, dimensionality, mechanical characteristics
and size reduction (or quantum connement).124 In addition to
this, they are extremely important in the production of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Zinc oxide structure examples: (a) wires,146 (b) tubes,147 (c) rings,148 (d) cages, (e) springs,148 (f) belts,149 (g) spheres150 and (h) flowers.151
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nanodevices that are electromechanical, electrical, electro-
chemical and optoelectronic in nature, acting as interconnects
and functional units respectively.125 It is possible to classify
nano sized zinc oxide as a unique material because to the
diverse structures that may be observed inside it. This material
has the potential to be utilized in a broad variety of nanotech-
nology elds. Forms of zinc oxide can be categorised as either
one-dimensional, two-dimensional, or three-dimensional.
Nanorods,126–128 needles,129 helixes, rings and springs,130

ribbons,131 tubes,132–134 belts,135 wires136–138 and combs139 are
among the most common one-dimensional structures. Zinc
oxide can be found in the form of nanopellets, nanosheets and
nanoplates, all of which are two-dimensional structures.140,141

Zinc oxide may produce a variety of three-dimensional struc-
tures, some of which resemble dandelions, snowakes, owers
or even urchins on coniferous trees.142–145 Fig. 16a–h displaying
the zinc oxide structure.

ZnO possesses one of the most varied ranges of particle
congurations of any material that is currently known. Due to
their exceptional efficiency in photonics, electronics, and optics,
ZnO nanowires are promising materials for a vast range of uses,
including nanogenerators, ultraviolet lasers, light-emitting
diodes, solar cells, photodetectors, photocatalysts and gas
sensors. ZnO nanowires, when subjected to the appropriate light
irradiation, are currently being utilized as photocatalysts for the
purpose of inactivating viruses and bacteria, as well as for
degrading environmental contaminants such as volatile organic
compounds, dyes and insecticides.8 Furthermore, ZnO exhibits
a vast morphological variation in nanomaterials such as nano-
belts, nanotubes, nanowires, nanorods and other complex
morphologies. These nanostructures can be fabricated quite
© 2023 The Author(s). Published by the Royal Society of Chemistry
easily at very low temperature, and a variety of different growth
techniques for ZnO nanostructures have been documented,
including chemical and physical techniques such as sol–gel
deposition, cyclic feeding CVD, surfactant and capping agent-
assisted growth, electrochemical deposition, hydrothermal and
solvothermal growth, chemical vapour deposition (CVD) and
thermal evaporation. Because of the growth procedures, disci-
plines and applications that were discussed above, ZnO has the
potential to become one of the most signicant candidates for
use in future research and applications.153
4.1. Structure of ZnO

ZnO is typically hexagonal in structure. Four oxygen atoms are
tetrahedrally coordinated to zinc atoms. The combination of
these two ZnO structures produces perfect polar symmetry with
the hexagonal axis of the zinc oxide crystal structure. These
crystalline structures are responsible for ZnO-based piezoelec-
tricity and spontaneous polarization.154 The cubic zinc blende
structure and the hexagonal wurtzite structure are the two most
common types of zinc oxide crystallisation. In typical condi-
tions, the crystal structure of zinc oxide takes the form of the
wurtzite, which has a hexagonal arrangement of its atoms. (JCPS
card no. 36-1451) In order to evaluate whether or not ZnO is
crystalline, one may examine the structure of hexagonal ZnO,
which has the following dimensions: a = 0.32498 nm, b =

0.32498 nm, and c = 5.2066 nm. The value of c/a, which is
approximately 1.60, is rather near to the perfect value of c/a,
which is equal to 1.633 for a hexagonal cell. In Fig. 17b, the
structure of ZnO can be described as a sequence of alternating
planes made up of tetrahedrally connected oxygen and zinc ions
RSC Adv., 2023, 13, 13735–13785 | 13751
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Fig. 17 Shows the different structures of ZnO (a) and (d) ref. 158, (b) and (e) ref. 159, (c) and (f) ref. 160.
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that are stacked alternately along the c-axis. This sequence of
alternating planes represents the structure of ZnO. These
planes are arranged in a spiral pattern. As seen in Fig. 17e, the
combination of O2 and Zn2+ results in the formation of a tetra-
hedral unit that lacks central symmetry.152 The wurtzite
Fig. 18 Shows a model of ZnO with a hexagonal wurtzite structure. Zn–
depicted as larger white spheres, while the atoms of zinc are depicted a

13752 | RSC Adv., 2023, 13, 13735–13785
structure of crystalline ZnO features a hexagonal unit cell, and it
either belongs to the C4

6v or P63mc space group. Its lattice
parameters are a and c. Lattice parameters for hexagonal unit
cells are typically in the range of 3.2475 to 3.2501 for a, and
5.2042 to 5.2075 for c.155–157
O tetrahedral coordination is demonstrated. The atoms of oxygen are
s smaller brown spheres.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A few basic parameters of ZnO structure.162

S. no Basic parameters Values

1 Melting point 1975 °C
2 Stable phase at 300 K Wurtzite
3 Band gap 3.4 eV
4 Density 5.66 g cm−3

5 Lattice constants a = b = 0.32495 nm, c = 0.52069 nm
6 Refractive index 2.01
7 Electron effective mass 0.24
8 Static dielectric constant 8.656
9 Exciton binding energy 60 meV
10 Hole effective mass 0.59

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 9
:5

0:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ZnO has a density of 5.606 gram per cubic centimetre. As can
be seen in Fig. 18, a single zinc atom is tetrahedrally connected
with a total of four oxygen atoms. The piezoelectric nature of the
material, which is an crucial property for the creation of micro-
electromechanical systems consisting of transducers, sensors
and actuators, is the cause of ZnO's noncentrosymmetric
structure. This structure can be attributed to the material's
piezoelectric nature.161 Due to the fact that it is non-
centrosymmetric, it also possesses two polar surfaces on sides
that are opposite one another. Each of these polar surfaces is
terminated by a single type of ions (Table 1).

Polarity is referred to as zinc polarity when the bonds along
the c-direction are from cation (Zn) to anion (O), whereas
polarity is referred to as oxygen polarity when the bonds are
from anion (O) to cation. Zinc polarity can refer to either Zn
polarity or oxygen polarity; either one can be used inter-
changeably (Zn). This polarity is also the cause of a number of
other properties that ZnO possesses, such as spontaneous
polarisation and piezoelectricity. In addition to playing an
important role in the creation of crystals, the formation of
defects, plasticity, etching, and other processes, this polarity is
also the cause of a number of other properties that ZnO
possesses. It possesses both polar and non-polar surfaces, in
addition to the polar ones it already has. The c-axis is the
direction in which the polar Zn-terminated (0001) and O-
terminated (0001) sides of wurtzite ZnO are oriented toward.
Wurtzite is composed of ZnO, which has an equal number of
atoms of both Zn and O on its non-polar (2110) (a-axis) and
(0110) faces. The most common wurtzite ZnO crystals have
these four faces arranged in a square. It has been demonstrated
that the development of ZnO crystals into a wide variety of
shapes is brought about by variations in the relative growth
rates of different crystal facets as well as differences in the
growth rates of various crystal planes. The years 1970 were the
ones in which this discovery was made.163,164 Polar surfaces
ought to be unstable from an electrostatic point of view, unless
charge congurations and, as a consequence, opposite ionic
charges on the surface result in spontaneous polarization and
a normal dipole moment. In addition to this, it was discovered
that both the surface with the coordinates (0110) and the polar
surface are stable. On the other side, it has been determined
that the (2110) face is less stable than its contemporaries and
© 2023 The Author(s). Published by the Royal Society of Chemistry
that it has a higher level of surface roughness than its rivals.
This was found to be the case through extensive testing.165
4.2. Properties of ZnO

ZnO, once it has been developed, is considered to be a negative
(n-type) semiconductor. Zinc oxide is a type of semiconductor
that falls within groups 2–4 of the periodic table. The energy gap
in zinc oxide is measured to be 3.37 eV. In addition, zinc oxide
possesses a high binding energy. Zinc oxide has a binding
energy of around 60 meV.166 ZnO possesses a high exciton
binding energy and is very stable at high temperatures. In
addition to that, it boasts a high optical gain.167 As a result of the
characteristics that have been discussed thus far, ZnO has
emerged as one of the most intriguing substances for the
creation of electrical and optoelectronic devices. On the other
side, due to the high binding energy of ZnO, a wide variety of
photonic devices that are highly effective in their utilisation of
light may be fabricated. This opens up a lot of opportunities for
research and development in this area. Additionally, the large
band gap of ZnO is being utilized in the research and devel-
opment of short wavelength optoelectronic devices.168 ZnO is
a type of optical material that is see-through and is optimized
for use with visible wavelengths.169 Numerous research organi-
sations have examined the ZnO's unique features. This results
in an improvement of ZnO's electrical and optical characteris-
tics. Numerous other features of ZnO enable a diverse range of
uses. These include light-emitting diodes, photovoltaics,
microelectromechanical systems and photodetectors.170–173 ZnO
is an incredibly versatile material with semiconducting, pyro-
electric and piezoelectric characteristics. ZnO is a material that
exhibits a wide variety of nanostructures, signicantly more
than any other nanomaterial, including carbon nanotubes.174–176

4.2.1. Optical properties of zinc oxide. The way in which
a substance reacts when illuminated by light is what establishes
its optical characteristics. Based on their physical characteris-
tics, such as their vibrational and electrical states, as well as the
presence and nature of impurities and defects in the material,
semiconductor substances have contributed a great deal to our
understanding of a wide range of topics, providing a wealth of
information along the way. This knowledge has been gleaned
from the study of semiconductor materials. The extrinsic and
intrinsic qualities of a material are what designate it as a semi-
conductor. Excitonic causes related to the Coulomb attraction,
in addition to the interaction between electrons in the
conduction band and holes in the valence band, are the
fundamental building blocks for the intrinsic properties of
semiconductors. These characteristics are known as the elec-
tronic band structure. The dopants and defects that are injected
into the semiconductor are what govern its extrinsic optical
properties. These dopants and imperfections form discrete
electronic states between valence band and conduction band.177

Investigations into an optical transition in a zinc oxide semi-
conductor have been carried out utilizing a variety of method-
ologies, including transmission photoluminescence, cathode
luminescence, reection, optical absorption, and others. The
photoluminescence method is one of these methods that has
RSC Adv., 2023, 13, 13735–13785 | 13753
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seen widespread usage in the process of determining the optical
behaviour of zinc oxide structures. The photoluminescence
spectra of various zinc oxide nanostructures include UV emis-
sion in addition to one or two bands of visible emission that are
brought about by vacancies, antisites, interstitials, defects, and
complicated defects.178,179 The zinc oxide material has a band
gap of 3.37 eV and an exciton energy of 60 meV when it is at
ambient temperature. Due to the fact that this material has
a higher exciton energy value than GaN, it is capable of emitting
excitons in an effective manner at room temperature and below
low excitation energy (25 meV). As a direct result of this, zinc
oxide is currently considered to be one of the most promising
photonic materials in the blue-ultraviolet region.180 The optical
properties of zinc oxide nanorods have been studied using
photoluminescence spectroscopy, which provides information
about the band gap, defects, and crystal features.180,181 Zinc
oxide nanorods show a near-band edge for UV emission and
a broader band emission due to deep level defects when sub-
jected to photoluminescence study at ambient temperature. A
single emission at UV emission (from 3.236 to 3.307 eV) has
been seen in zinc oxide nanorods with lower impurity concen-
trations, and deep level emissions have been seen in these
nanorods as well.182 Near-band edge and deep level emissions
band emissions in the UV and visible ranges are attributable to
defects in the zinc oxide nanostructure such as oxygen vacancy,
oxygen interstitial, zinc vacancy, zinc interstitial and extrinsic
contamination.180,182 The optical quality of various zinc oxide
systems can be assessed by comparing the relative intensity of
near-band edge and deep level emissions emission. Thus, the
optical quality of zinc oxide is given by the ratio of near-band
edge emission intensity to deep level emissions emission
intensity (INBE/IDLE). The high (INBE/IDLE) number indicates
Fig. 19 Typical ZnO doped optical properties graphs (a) ref. 183, (b) ref.

13754 | RSC Adv., 2023, 13, 13735–13785
a deep level defect with lesser concentration.182 Different type of
ZnO doped optical properties graphs are displayed in the Fig. 20
(a–f).

4.2.2. Magnetic properties of zinc oxide. The orientation of
electron spins in the magnetic semiconductor host lattice is
used to categorise the various types of magnetic semi-
conductors. On the basis of this alignment, semiconductors can
be divided into the following three distinct categories: (a)
magnetic semiconductor, (b) DMS semiconductors and (c)
semiconductors that do not exhibit magnetic behaviour, as seen
in Fig. 19a–c. As seen in Fig. 19a, magnetic semiconductors are
constructed solely out of the periodic alignment of magnetic
components. As can be seen in Fig. 19b, DMS are composite
materials consisting of magnetic components and nonmagnetic
semiconductors. As can be seen in Fig. 19c, nonmagnetic
semiconductors do not have any magnetic impurities present in
the host lattice of the semiconductor. Doping various transition
or rare earth ions into nonmagnetic semiconductors, such as
Cu, Ni, Sm, Co, Cr, Eu, Fe, Mn, Gd, and so on, is one method for
producing DMS (Fig. 19b).

Doping is the technique of inserting impurities on purpose
into an intrinsic semiconductor in order to affect the material's
physical properties. Doping is also known as doping an intrinsic
semiconductor. A great number of research reports were
distributed all at once via DMS154–159,189. There have also been
reports of attempts to doped semiconductor nanocrystals160,161.
There is a growing interest in studying the fundamental char-
acteristics of DMS in various nanostructures for spintronics
applications158–160,162. The introduction of transition or rare
earth ions into semiconductors results in the formation of these
materials. Because the d and f shells of transition or rare earth
ions are only partially full, these doping elements have electrons
184, (c) ref. 185, (d) ref. 186, (e) ref. 187, (f) ref. 188.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Types of semiconductor (a) a magnetic semiconductor, (b) a dilute magnetic semiconductor and (c) a non-magnetic semiconductor162.
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that are not connected with another atom. This allows for
greater doping efficiency. One of the bands in transition metals
such as manganese, copper, cobalt, and nickel is only partially
full or just over half-lled at most (up or down spins). The ions
of the transition metal are almost always substituted for the
cations that are originally present in the host semiconductor.
Doping manganese into zinc oxide, for example, causes the
element to offer its four s2 electrons to the s–p3 bonding and
causes a Mn2+ charge state to be created in the tetrahedral
bonding. This is because dopingmanganese causes the element
to give its four s2 electrons to the s–p3 bonding. In order to
determine the tetrahedral bonding, the d bands of the transi-
tionmetal hybridise with the VB bands of the host (O-p bands in
zinc oxide). Because of this hybridization, the interface between
the locally organised carriers in the host valence band and the
three-dimensional spins is replaced, which results in the
sample having a local magnetic moment. When it comes to
dening the magnetic properties of materials that have been
doped with transitionmetals, the degree of doping in the carrier
density, the crystal, and the quality of the crystal all play a part.

Dulub et al.163 provided the impetus for thinking about
semiconductor oxides, specically zinc oxide, in the context of
spintronics. According to the predicted mean eld theory,
common diamagnetic semiconductors with ve atomic percent
Mn doped and a hole quantity of 3.5 × 1020 cm3 would have
a high Curie temperature. In the case of zinc oxide and GaN,
simulations show that the Curie temperature exceeds 300 K.163

Because the Zener model suggests that magnetic properties can
be modied by modifying the carrier concentration in the
materials, the character of the carrier is an important part of the
model that must be taken into consideration. In the beginning,
the substitution integral parameter suggested that p-type
materials would be ideal candidates for high Curie tempera-
tures. Additionally, the density of states in the valence band is
higher than the density of states in the conduction band.
Because it is impossible to produce p-type zinc oxide, Dietl's
theory does not apply to zinc oxide, which is an element.

Li et al.164 proposed a pattern that demonstrates the domi-
nance of defect states on DMS ferromagnetism properties.

They claim that donor defects are responsible for covering
up a signicant amount of doping substance as well as the
establishment of a contaminated band. In the case of type zinc
oxide, these donor defects can take the form of zinc interstitials
or oxygen vacancies. This contaminated band is capable of
© 2023 The Author(s). Published by the Royal Society of Chemistry
interacting with the local magnetic moment if the bound
magnetic polaron is made signicantly larger. Within this
radius, the magnetic dopants will interact with the bound
carrier, and they will be able to align their spins in each bound
magnetic polaron so that they are parallel to one another. In
order to obtain both ferromagnetism and penetrating ferro-
magnetism in the DMS, the magnetic polarons that are coupled
to the electrons in the material must be stacked one on top of
the other to create a chain that runs the length of the material.
MS nanocrystals are remarkable materials that incorporate
quantum connement effects as well as magnetic features due
to the system's DMS composition. Some articial problems are
involved in the direct exchange of cations/anions of host
material via dopant ions in nanocrystals.165,166 A signicant
barrier that needs to be surmounted is the creation of nano-
crystals that have dopant ions incorporated continuously
throughout the lattice of the host substance. The utilization of
nanocrystals that have a high surface area to volume ratio has
begun to promote impurity separation to the surface of the
nanocrystals during a process known as “self annealing” in the
core. This process takes place in the core. As a consequence of
this, dopants are probably just sitting on the surface, which
results in a high level of entrapment. Nevertheless, the
production method for generating doped nanocrystals serves
a crucial function in the overall process. Several papers162,167,168

propose successful dopant integration in host materials.
Doping a very small amount of rare earth or transition atoms is
the primary technique that is utilized in the process of initiating
magnetism in ZnO. There are still some points of contention
regarding the substitutional insertion of transition or rare earth
elements in host materials and the attainment of ferromagne-
tism in doped host materials, both of which have been the
subject of extensive research. The ferromagnetism that was
explored in the host semiconductor could have been induced by
the inherent magnetism of the semiconductor itself, as well as
its precipitates, or the secondary magnetic phases of transition
metals. If DMS is researched in a methodical manner by
correlating all of its attributes, then the controversy over the
presence of magnetic properties can be settled once and for all.

A great deal of curiosity has been ignited as a result of the
nding that metal oxide nanocrystals exhibit ferromagnetism at
normal temperature. When compared to the equivalent bulk
material, nanocrystals have a high surface-to-volume ratio;
hence, changes in nanocrystal size have the greatest inuence
RSC Adv., 2023, 13, 13735–13785 | 13755
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Fig. 21 Typical ZnO doped magnetic properties graphs (a) ref. 190, (b) ref. 191, (c) ref. 192, (d) ref. 193, (e) ref. 194, (f) ref. 195.
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on the surface effects. The inuence of voluntary surface spins
on saturation magnetization provides evidence that this func-
tion plays a crucial role in magnetic properties. In their bulk
and nanostructure forms, metal oxides such as HfO2, ZnO, and
Al2O3 exhibit diamagnetic and ferromagnetic magnetic prop-
erties, respectively.169 Interactions between localised electron
spin moments and oxygen vacancies at nanocrystal surfaces are
thought to be the cause of ferromagnetism in nanocrystalline
materials.169 Ferromagnetic behaviour was seen in chemically
produced zinc oxide nanocrystals that were capped by a variety
of capping agents when the samples were allowed to reach room
temperature. Spin polarization can be facilitated by the alter-
ation of the surface charge state by coupled ligand.152 According
to the ndings of this study, the magnetic properties of nano-
crystals are not only associated with the presence of magnetic
ions, but they are also highly supported by the presence of
surface defects. Additionally, the presence of magnetic ions is
associated with the magnetic properties of nanocrystals. In
addition to this, the magnetic properties are connected with the
presence of magnetic ions, which explains why they have these
characteristics.152 Different type of ZnO doped magnetic prop-
erties graphs are displayed in the Fig. 21 (a–f).
4.3. ZnO and their structural properties

The variation of ZnO nanostructures is determined by the
growth mechanism, the growth method, the synthesis
13756 | RSC Adv., 2023, 13, 13735–13785
conditions, and the type of substrate. Nanowires, nanorods,
nanotubes, nanocolumns, nanorings, nanobelts, nanosheet
networks, nanoribbons, nanoowers, hollow micro- and nano-
spheres and nanocombs are among the nanostructures.

4.3.1. ZnO nanorods and nanowires. One-dimensional
nanostructures such as nanorods and nanowires are gaining
popularity due to the multiple applications they have in
photovoltaic systems, nanoelectronics, chemistry, and biosen-
sors. These nanostructures are comprised of a single layer. In
addition, the 1D nanostructures are a good candidate for the
production of effective optoelectronic nanodevices due to their
many important characteristics, such as a direct band-gap and
a signicant exciton binding energy. This makes the 1D nano-
structures a good candidate for the production of efficient
optoelectronic nanodevices. There have been a signicant
number of articles written about the synthesis of zinc oxide
nanorods and nanowires, as well as their characteristics and the
growth mechanisms behind them. There are two primary
growth methods that have been described for the creation of
zinc oxide nanowires and nanorods through a gas phase
process. These approaches are as follows: vapor–liquid–
solid,170,171 and vapor-solid.172–174 As nucleation sites for the
generation of one-dimensional nanostructures, metal nano-
clusters or metal nanoparticles have been utilized in the VLS
mechanism, which is a process that is supported by a catalyst.
Metal is the material that both of these nanoclusters and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 ZnO nanowires and rods SEM images (a) and (b) ref. 196, (c) ref. 197, (d) ref. 196, (f) ref. 198, (g) ref. 199, (h) ref. 200, (e) ref. 201.
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nanoparticles are composed of. The production of alloy liquid
droplets takes place as a result of the gaseous reactants inter-
acting with the catalytic particles throughout this process. The
formation of 1D nanostructures is signicantly aided by the
participation of these droplets. The formation of precipitation
begins when a droplet of liquid gets supersaturated with the
medium from which it originated. If the conditions are
favourable, the amount of precipitation that falls will continue
to increase over the course of time, which will result in the
construction of connected structures that are one-dimensional.
During the process of creating 1D nanostructures, a number of
different metal catalyst components, including gold, tin,
copper, and cobalt, are utilised as catalysts. On the other hand,
in order to successfully carry out the VS mechanism, the uti-
lisation of a catalyst is not required in any way. When it comes
to the process of generating 1D nanostructures, it is generally
agreed upon that one of the most signicant components is
mastering the ability to regulate the level of supersaturation
present. This is due to the fact that the degree of supersatura-
tion is what is responsible for determining the primary growth
morphology. For whiskers growth, a low degree of supersatu-
ration is required; for bulk growth, a medium degree is neces-
sary; and for powder growth, a high degree of supersaturation is
necessary. The source materials are vaporised at a high
temperature in the usual vapor solid process, and then they are
quickly condensed onto the substrate in a zone that is charac-
terized by a low temperature. This results in the formation of
a vapor solid. This takes place in an area where the temperature
is lower than the point at which vaporization can take place.
Condensed molecules give rise to seed crystals aer the rst
stage of the condensation process is complete. These seed
© 2023 The Author(s). Published by the Royal Society of Chemistry
crystals are put to use as nucleation sites for the later phases of
the process of developing nanostructures. The specic vapor
solid approach has been established for the purpose of
manufacturing a wide variety of ZnO nanostructures in order to
full demand. Fig. 22a–h displaying the ZnO nanowires and
rods.

4.3.2. ZnO nanotubes. ZnO nanotube arrays are almost
always created by dissolving the centre of previously made
nanorods. Electrochemical dissolution is a viable option.,202

Chemical dissolution is more prevalent, though. Zinc oxide is
amphoteric, which means it may dissolve chemically in either
an acidic (HCl) or a basic (KOH) solution.203 The selective
decomposition of the nanorods' centres while leaving the lateral
faces unaffected by the process can be explained in two different
ways. To begin, the metastable plans for (0001) zinc oxide have
a higher surface energy than the lateral plans, which are thus
more stable.204,205 Second, the (0001) designs have more defects,
which makes them more likely to break.204 To the dissolving
solution, Wang et al. added a surfactant (cetyl trimethy-
lammonium bromide).206 This molecule is well known for being
bound to the (1000) plans and safeguarding the wall of the 1D
structure throughout the process of nanorods dissolving into
nanotubes. This is why it has received so much attention.207–210

Ammonia solution is used as an etching agent.
All of the aqueous solutions were prepared with deionized

water that had been acquired from Sigma-Aldrich. The resis-
tivity of the water was 18 U cm. All of the chemicals that were
utilised in this work were of analytical quality and did not
require any additional purication prior to their usage. The
manufacturing of ZnO nanotubes is a process that takes place
over two stages. In the initial step of the process, the substrate,
RSC Adv., 2023, 13, 13735–13785 | 13757
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which was a piece of clean room paper measuring 50 mm by 50
mm, was washed in deionized water and then allowed to dry in
the air. Aer that, the substrate was heated for an additional
twenty minutes at a temperature of one hundred degrees
Celsius in order to evaporate any trace amounts of moisture that
could have been present in the paper. The paper substrate, on
the other hand, has a large capacity for absorbing water, which
makes it susceptible to wetting and limited in its ability to
withstand low temperatures for extended periods of time. As
a consequence of this, a wetting and chemical barrier layer is
essential in order to shield the paper substrate from the effects
of being exposed to water and chemicals.211 This layer needs to
be able to act as a barrier against chemicals and moisture, in
addition to having mechanical and dielectric properties that are
satisfactory. The deposition of such a barrier layer on the
substrate can be accomplished using a various of methods,
including sputtering, evaporation, and chemical vapour phase
deposition, to name a few.211 In addition, because these
processes require a large number of intricate stages, we opted to
avoid them in favour of a method that was both straightforward
and highly effective. This method involved applying a protective
layer to the paper substrate in order to achieve passivation or
chemical resistance. For this purpose, we utilised the advanced
electronics cyclotene 3022-46 resin that is manufactured by Dow
Chemical Company USA. This resin is a polymer that can be
used for wafer-level applications that require a thin layer, and it
can do so successfully. During the synthesis process, the surface
roughness and damagemay be reduced thanks to this change of
the surface, which may also help. In addition to this, it has the
potential to assist in enhancing the alignment and homogeneity
of ZnO nanotubes on the paper substrate.212 Aer applying
a layer of cyclotene by spin coating to the surface of the paper
substrate, we baked it in a vacuum for y minutes at
a temperature of one hundred degrees Celsius. Aer that, the
substrate was roasted in the oven for approximately thirty
minutes at a temperature of one hundred sixty degrees Celsius.
Aer that, a spin coater was used to apply a seed layer to the
substrate at a speed of 2100 rpm for approximately one minute.
This step served to provide nucleation sites for the creation of
ZnO nanorods. This method was carried out a total of ve times
in order to ensure adequate coverage.

ZnO nanoparticles were used to construct the seed layer.
These nanoparticles were produced by achieving a concentra-
tion of 0.01 M in methanol by diluting zinc acetate dehydrate,
which has the chemical formula (C4H6O4Zn$2H2O). Aer that,
the solution was brought up to a temperature of sixty degrees
Celsius. A second solution of KOH in methanol with a concen-
tration of 0.03 M was dropwise added to the rst solution while
it was continuously stirred at a temperature of 60 °C for two
hours. ZnO nanoparticles have diameters that ranged anywhere
from 5 to 10 nanometers.213 Aer maintaining a temperature of
180 °C on the substrate for a period of thirty minutes, it was
eventually possible to consolidate the seed layer. This was made
possible aer the substrate was heated. Following that, the
temperature of the substrate was permitted to gradually recover
to that of the surrounding environment. We chose a method for
developing the ZnO NRs that required a temperature that was
13758 | RSC Adv., 2023, 13, 13735–13785
on the lower end of the spectrum. Zinc nitrate hexahydrate
[Zn(NO3)2$6H2O] and hexamethylenetetramine (C6H12N4) were
mixed in equal amounts in DI water and kept under continuous
magnetic stirring for 30 min in order to obtain a consistent
growth solution. This was done in order to obtain a consistent
growth solution. This was done in order to obtain a growth
solution that was consistent throughout. Aer that, the paper
substrate, which had been preheated, was immersed in the
solution and heated at a temperature of eighty degrees for
a period of ve hours. Following that, it was cleaned with
DI water to remove any residuals that may have been on
the surface, and aer that, it was dried at room temperature in
the air.

The second step was to obtain the ZnO nanotubes, which we
did using a process that involves chemical etching to convert
ZnO NRs to NTs.214 This approach has been effectively used by
many research groups to produce zinc oxide NTs.215,216 In order
to do this, the ZnO NRs that were located on the paper substrate
were chemically etched into ZnO NTs by placing them in an
aqueous solution of KCL at a temperature of 80 °C for several
hours. Aer that, the substrate was taken away and given
a thorough cleaning with DI water in order to remove any
residuals that might have been on the surface. The last step was
to hang it up outside so it could dry. We used scanning electron
microscopy with a 12 keV energy setting and transmission
electron microscopy with a 200 keV energy setting to explore the
surface morphologies and diameters of the ZnO nanotubes that
were formed. An X-ray diffractometer was used with Cu K
radiation, a wavelength of 1.54178 Å, 40 keV, and 100 mA for the
aim of determining the crystal structure of the nal products
and classifying them into their respective phases. This was
accomplished by using the instrument. An energy-dispersive X-
ray spectroscopy that was linked to a scanning electron micro-
scope and operated at 20 keV was used to investigate the
evidence for the purity and elemental composition of the as
formed ZnO nanotubes. The charge-coupled device camera,
which was cooled using nitrogen, was used to carry out the
measurements of CL. The luminescence was collected by
a parabolic mirror, and it was then scattered by a mono-
chromator of 0.55 metres in length and tted with a grating
measuring 600 mm−1. Fig. 23a–h displaying the ZnO
nanotubes.

4.3.3. ZnO nanobelts and nanorings. The belt-like nano-
structure morphology is a structural characteristic that is
maintained by functional oxides with a variety of different
crystallographic structures. In reality, three different architec-
tures can be used to generate ZnO nanobelts (NBs).222 Planar
defects can be used to grow one of these structures. ZnO NBs
can be used in a variety of ways. ZnO nanorings are a remark-
able type of ZnO morphology that can be produced, in addition
to ZnO nanobelts, by ZnO nanobelts.223 Planar defects are
required for the development of nanorings, according to
microscopic research.224 Twins, interstitial stacking layers and
conventional stacking faults created by impurity atoms are all
examples of planar defects.225 Using indium as a dopant
element, Wang's teamwas able to create ZnO nanorings.222 They
also demonstrated that the introduction of planar defects
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 Typical SEM images of ZnO nanotubes (a) and (b) ref. 217 (c) and (d) ref. 218 (e) ref. 219 (f) and (g) ref. 220 (h) ref. 221.
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within ZnO NBs, such as inversion domain borders, may be
caused by the doping of indium ions. They came to the
conclusion that the polarity of the NBs was in no way affected by
the IDBs, regardless of whether they were coupled head-to-head
or tail-to-tail. This was the nding that they came to. Because of
the long-range electrostatic interaction between the surface
polar charges on the two sides, the development of a nanoring
was initiated by circularly folding a Nanobelt, and loop-by-loop
winding of the nanobelt generated a full ring. This interaction
was caused by the fact that the nanobelt had surface polar
charges on both of its sides. This interaction was brought about
as a result of the fact that the surface polar charges on both
sides are charged in the opposite direction. The fact that
a nanobridge can be folded into a nanotube allowed for the
successful completion of this interaction. They came to the
conclusion that indium would be the best material to use as the
doping agent due to the signicance of indium doping in the
semiconductor industry. Furthermore, many research groups,
including our own, have been focusing their efforts over the
past few years on the development of indium-doped zinc oxide
nanostructures. Tin is an important doping chemical that, in
addition to indium, has the potential to open up new applica-
tions for zinc oxide.226 It is generally knowledge that the band
gap of ZnO can be adjusted to a more desirable value by alloying
the material with another substance that possesses a band gap
that is different. This causes a change in the wavelength of
exciton emission to occur as a result. Because the inclusion of
tin oxide, which has a greater band-gap than ZnO (3.6–3.97 eV),
results in a widened band-gap, the ZnO/SnO2 structure
produced by alloying ZnO with SnO2 could be a possible
contender for future optoelectronic devices. This is due to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
fact that the inclusion of SnO2, which has a greater band-gap
than ZnO. In addition to this, when compared to undoped
zinc oxide nanowires, the eld emission properties of Sn-doped
zinc oxide nanowires are signicantly improved, and the resis-
tance decreases as the amount of Sn present in the nanowires
increases. ZnO's band-gap ranges between 3.6 and 3.97 ev,
whereas SnO2's band-gap is between 3.6 and 3.98 ev.227 Sn can
act as a doping material in ZnO NBs, causing the production of
planar defects, in addition to its impacts on the optical band
gap and better electrical characteristics.228 As a direct conse-
quence of this, it will be possible to produce zinc oxide nanor-
ings using tin (Sn) as the dopant material, which is something
that has never been accomplished previously. On the other
hand, research has not yet been conducted to determine how
the concentration of tin inuences the formation of zinc oxide
nanorings. In addition, the vapor–liquid–solid process, which is
considered to be one of the most important ways for producing
one-dimensional nanostructures, has not yet been employed to
create zinc oxide nanorings. Fig. 24a–h displaying the ZnO
nanobelts and nanorings.

4.3.4. Hollow ZnO nano- and micro-spheres. Utilizing
carbonaceous saccharide microspheres of variable diameters as
templates has resulted in the development of a straightforward
and generic process that is capable of producing zinc oxide
hollow microspheres with a number of shells that can be
adjusted. This method is also very successful. It was revealed
that the triple-shelled zinc oxide hollow spheres with a large
surface area displayed the highest levels of photocatalytic
activity. This was discovered when the photocatalytic capabil-
ities of the as-synthesized products were assessed by degrading
methyl orange (MO) dye. In addition to this, research was
RSC Adv., 2023, 13, 13735–13785 | 13759

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01421e


Fig. 24 Typical SEM images of ZnO nanorings are shown in (a) ref. 229, (b) ref. 148, (c) ref. 230, (d) ref. 148 and ZnO nanobelts are shown in (e) ref.
231, (f) ref. 232, (g) ref. 149, (h) ref. 232.
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conducted to determine the mechanism behind the production
of multiple shelled zinc oxide hollow spheres and the rationale
behind their high photocatalytic activity.233

Every one of the elements was of reagent-grade quality, and
they were all utilized in their natural state. In this experiment,
the metal precursors were zinc nitrate hexahydrate (Zn(NO3)2-
$6H2O) and carbonaceous saccharide microspheres served as
the sacricial templates. The following explanation provides an
outline for the typical production of single-shelled ZnO hollow
microspheres. In accordance with what was previously stated,
carbonaceous microspheres were produced using the emulsion
polymerization of sugar in hydrothermal circumstances.234,235

Adjusting the amount of sugar solution used and the amount of
time the reaction is allowed to run can change the width of the
carbon spherules that are formed. The microspheres of carbo-
naceous saccharide were given multiple washings in deionized
water and ethanol at a concentration of one hundred percent
until the ltrate became transparent.

With the assistance of ultrasonication, freshly manufactured
carbonaceous microspheres (0.5 g) with diameters of 500 nm
were dispersed throughout a solution of 1.5 M zinc nitrate
(water/ethanol = 1 : 3, v/v, 25 mL). Following the completion of
a total of 0.5 h of ultrasonic dispersion, the suspension was then
aged for 8 h in a water bath maintained at a temperature of 60 °
C. Aer that, the suspension was dehydrated in an oven at
a temperature of 80 °C for 12 h, aer which it was vacuum
ltered, rinsed several times with deionized water, and then
ltered again. The resulting black composite microspheres were
heated to 350 °C for one hour, then gradually brought up to
450 °C in air at a rate of one degree per minute, and eventually
13760 | RSC Adv., 2023, 13, 13735–13785
held at 450 °C for two hours. This was done so that the
templates could be removed. The ZnO hollow microspheres
with a single shell were produced as a white powder by-product
when the tube furnace was allowed to naturally cool to room
temperature. A procedure that is quite similar to this one was
used in the production of double- and triple-walled ZnO hollow
microspheres. Burning was one of the steps in the process that
resulted in the production of ZnO nanoparticles. In a nutshell,
5 mL of deionized water were used to dissolve 3 g of Zn(CH3-
COO)2$2H2O and 1 g of CO(NH2)2, and then NH3 was added
aer that. The water was added in a very careful and methodical
manner drop by drop until the solution became extremely thick
gel precursors. This process took quite some time. The resultant
viscous gel precursors were immediately heated to 500 °C,
where they spontaneously ignited to generate white ZnO parti-
cles. This step was repeated until the desired amount of ZnO
had been produced. Fig. 25a–h displaying the ZnO nano and
microspheres.

4.3.5. Star- and ower-shaped ZnO nanostructures. Using
a method that is based on a solution and performed at a low
temperature, sulphur doping of hexagonal ZnO nanowires
using thiourea (SC(NH2)2) produces hexagram-shaped ZnO
nanostructures (“nanostars”). According to scanning electron
microscopy, the amounts of sulphur doping have a signicant
impact on the morphology of the nanostructure when viewed in
cross-section (SEM). According to the calculations of the density
functional theory, the transformation from hexagonal nano-
wires to nanostars takes place as a result of sulphur atoms
preferentially bonding to the vertices of hexagonal structures
while the structures are developing. The observed hexagram
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Typical SEM images of ZnO nanospheres andmicrospheres are shown in (a) and (b) ref. 236, (c) and (d) ref. 237, (e)–(g) ref. 150 and (h) ref.
238.
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structure is most likely the result of the resultant shi in the
local chemical environment. X-ray photoelectron spectroscopy
and photoluminescence spectroscopy were utilized to demon-
strate the presence of sulphur in the nanostars. The involve-
ment of sulphur in the formation of nanostars was validated in
control tests using the sulfur-free counterpart urea (OC(NH2)2).

The processes developed by Greene and Pacholski for
making ZnO nanowires in solution were followed to make the
nanowires. In the rst step of this procedure, solutions of zinc
acetate dihydrate [(CH3CO2)2Zn$2H2O (Fluka, assay 99.5%)] and
sodium hydroxide [NaOH (Fisher Chemical, assay = 98.6%)]
were prepared in methanol at concentrations of 0.01 mol L−1

and 0.03 mol L−1, respectively. The mixture of 13.68 mL of
a solution containing 0.03 mol L−1 of NaOH and 26.32 mL of
a solution containing 0.01 mol L−1 of (CH3CO2)2Zn$2H2O was
then stirred for two hours at a temperature of 60 °C. ZnO seed
crystals were produced by applying a drop-coating of the solu-
tion that had been produced to a silicon substrate, then rinsing
the substrate with methanol and blow-drying it with air. This
method of drop-coating was carried out a number of times.
Aer that, the substrate was annealed for twenty minutes at
a temperature of three hundred and y degrees Celsius in
order to form ZnO seed crystals. Aer placing the substrate in
an aqueous solution that contains 0.025 mol L−1 of zinc nitrate
[Zn(NO3)2$xH2O (Alfa Aesar, assay= 99%)] and 0.025 mol L−1 of
hexamine (hexamethylenetetramine) [(CH2)6N4 (Alfa Aesar,
assay = 98%)], heat the mixture at 90–95 °C for The ZnO
nanostars that were used for this study were produced by
hydrothermally growing them with varying concentrations of
a thiourea [SC(NH2)2 (Alfa Aesar, test = 99%)] doping solution.
This method was used to explore the nanostars' properties. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
amounts of thiourea were changed (0.025 mol L−1,
0.05 mol L−1, 0.1 mol L−1, 0.2 mol L−1, and 0.5 mol L−1), and
a control experiment was performed using urea at a concentra-
tion of 0.1 mol L−1 [OC(NH2)2 (Acros Organics, assay= 99%)]. In
every single experiment, 10 mL of each reactant solution were
utilized.

It is explained how each of the thiourea-infused growth
treatments works. The entire sample occupied a space of 30 mL.
In order to characterise each of the products, we utilized SEM
(FEI XL 30), PL (Kratos Analytical Axis Ultra), and XPS (Kratos
Analytical Axis Ultra). Measurements of photoluminescence
(PL) were carried out at room temperature using a HORIBA
Jobin Yvon LabRAM ARAMIS grating spectrometer in conjunc-
tion with the 325 nm line of a HeCd laser.239 Fig. 26a–h dis-
playing the ZnO nanostars and nanoowers.
4.4. Fabrication technique

Many synthetic approaches were utilized to fabricate zinc oxide
nanoparticles. They are primarily classied into three cate-
gories: chemical fabrication, physical fabrication, and biolog-
ical fabrication.

4.4.1. Chemical fabrication. The process of transforming
the basic materials or reactant into a product through the
utilization of one or more chemical processes is referred to as
chemical fabrication. The process of chemical fabrication can
be divided into two distinct phases: the gas phase and the liquid
phase. The liquid phase can be further subdivided into
precipitation/co-precipitation technique, colloidal technique,
sol–gel technique, oil microemulsion technique, hydrothermal
technique, and solvothermal technique, while the gas phase can
RSC Adv., 2023, 13, 13735–13785 | 13761
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Fig. 26 Typical SEM images of ZnO nanostars and nanoflowers (a) and (b) ref. 240, (c) and (d) ref. 241, (e) and (f) ref. 151, (g) and (h) ref. 242.
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be further separated into pyrolysis and gas condensation
techniques.243

4.4.1.1. Co-precipitation technique/precipitation technique. In
order to convert a solution into a solid using this method, either
Fig. 27 Flow chart of co-precipitation method.

13762 | RSC Adv., 2023, 13, 13735–13785
an insoluble form or a higher saturation level must be utilized.
The treatment of zinc compounds begins with dilute hydro-
chloric acid, followed by dilute hydrochloric acid. The reaction
is carried out at room temperature with gentle stirring, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a solution containing NaOH, KOH, and NH4OH is added drop
by drop to act as a precursor. When the pH reaches a range
between 8 and 10, the base solution addition process is stopped.
The mixture described above is heated to 85 °C for six hours,
then centrifuged, brought down to room temperature, and
ltered. The white powder is formed as a result of precipitating
the substance with distilled water in order to remove any
impurities.244–246 Fig. 27 displaying the ow chart of co-
precipitation method.

4.4.1.2. Sol–gel technique. The sol–gel method is a wet
chemical procedure that can be used to produce a three-
dimensional network. This approach is also known as the way
of producing sol–gel materials. This process begins with the
formation of a colloidal suspension, which is referred to as
a sol, and is then followed by the gelation of the sol in a constant
liquid phase, which is referred to as a gel. In this phase, the zinc
compound is heated to 50 °C while being dissolved in double-
distilled water. A magnetic stirrer is used throughout the
process of gradually adding alcohol at a concentration of 100%,
which is then followed by the dropwise addition of hydrogen
peroxide until the solution becomes transparent. The solution
was le to ferment for twenty-four hours before being dried at
eighty degrees Celsius for a number of hours in order to
generate white zinc oxide nanoparticles. In order to get rid of
any traces of by products, wash many times in water that has
been through two distillation processes, and then dry in an oven
Fig. 28 Flow chart sol–gel method.

© 2023 The Author(s). Published by the Royal Society of Chemistry
heated to 80 °C. During the drying process, zinc oxide is
completely converted.247 Fig. 28 displaying the ow chart of sol
gel method.

4.4.1.3. Microemulsion technique. Microemulsion is a liquid
solution that is optically isotropic, thermodynamically stable,
and is made up of water, oil, and amphiphile. In this particular
investigation, zinc oxide nanoparticles were produced by
a process known as reverse microemulsion. The substances n-
heptane, glycerol and dioctyl sulfosuccinate sodium in that
order, are utilised for the roles of surfactant, polar phase, and
non-polar phase, respectively. The synthesis results in two
different microemulsions, each of which has a different ratio of
surfactants. Dissolving dioctyl sulfosuccinate sodium in n-
heptane at room temperature while stirring continuously will
result in the production of a microemulsion. Aer the ingredi-
ents have been combined, the solution should be cut into two
equal parts and labelled solution A and solution B. The zinc
compound is stirred into solution A while constantly being
stirred while the other half of the glycerol is dissolved in the
zinc compound. In the same manner, add some sodium
hydroxide (NaOH) that has been dissolved in glycerol to solu-
tion B. The aforementioned two solutions were combined in
a continuous mixing process at room temperature until they
produced a solution that was clear. Aer that, gradually blend
solution B with solution A while stirring constantly for twenty-
four hours at a temperature between sixty and seventy degrees
RSC Adv., 2023, 13, 13735–13785 | 13763
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Fig. 29 Flow chart ZnO microemulsion method.
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Celsius. Centrifuge the mixture for twenty minutes at a speed of
10 000 rpm to obtain a white solid powder. Aer being washed
in a mixture of methanol and chloroform and centrifuged for
ten minutes at ten thousand revolutions per minute, the
product was dried for one hour at one hundred degrees Celsius
in an open-air drying oven and then placed overnight in
a vacuum drier at room temperature. This process took a total of
twenty-four hours. Calcinated in an air atmosphere for three
hours at temperatures ranging from 300 to 500 °C.248,249 Fig. 29
displaying the ow chart of microemulsion method.

4.4.1.4. Hydrothermal technique. It is a method for the
creation of single crystals that is predicated on the solubility of
minerals in hot water that is subjected to intense pressure. To
prepare stock solutions, zinc component is rst stirred into
methanol, then dissolved in the solvent. To modify the pH to
a range between 8 and 11, NaOH that has been dissolved in
methanol is added to the stock solution while it is being stirred
continuously. Aer that, the solution was autoclaved in stain-
less steel autoclaves lined with Teon for 6 and 12 h at
temperatures ranging from 100 to 200 °C under autogenous
pressure before being allowed to naturally cool down to
ambient temperature. Following the completion of the reaction,
the white solid product was extracted by washing it with
methanol, ltering it, and then drying it in a laboratory oven at
60 °C.250,251 Fig. 30 displaying the ow chart of hydrothermal
method.
13764 | RSC Adv., 2023, 13, 13735–13785
4.4.1.5. Solvothermal technique. It is a method in which the
solvent is added at a pressure and temperature ranging from
moderate to high, which makes it easier for the precursors to
interact with one another throughout the synthesis. In this
particular experiment, ethylene glycol and ethanol were mixed
together and used in the capacity of a solvent. For a period of
twenty minutes, the zinc component should be mixed into the
solvent solution. In order to reach the required temperature, the
sealed chamber is kept inside a box furnace that has been
preheated for a period of twelve hours. The experiment was
carried out at a variety of temperatures, including 200 °C, 150 °
C, and 135 °C, in order to calibrate the size of the nanoparticles.
Aer that, the precipitate was collected, aer that it was washed
three times with ethanol and water, and nally it was dried in
the air at room temperature.252 Fig. 31 displaying the ow chart
of solvothermal method.

4.4.1.6. Pyrolysis technique. The process known as pyrolysis
begins with the atomization of a precursor solution, continues
with the solution's evaporation, and concludes with the solu-
tion's decomposition into lms and particles. In order to
produce the precursor solution, the zinc component is rst
dissolved in the distillate water. Nebulization occurs in
response to the pressure exerted by the surrounding air. In
a reactor maintained at a temperature of 1200 °C, the droplets
disintegrate. A cold precipitator is used to create nanoparticles,
which are subsequently collected and dried in an oven at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 30 Flow chart ZnO hydrothermal method.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 9
:5

0:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a temperature of 100 °C. Washing the product in water helped
get rid of any unreacted zinc compound that was present in
it.253,254 Fig. 32 displaying the ow chart of pyrolysis method.

4.4.1.7. Gas condensation technique. Zinc compound is
introduced into a chamber that is under vacuum. By utilising
induced current and keeping the vacuum pressure and vapor-
isation temperature constant, the substance is melted and then
evaporated into gas before being vaporised. An inert gas and
material vapour have a collision inside of a vacuum chamber.
Aer that, it travels to a collecting surface that is cooled to a low
temperature, where it produces nanoparticles as it settles. We
are able to simply manage the pressure and temperature by
maintaining optimal conditions within the vacuum chamber.
This is possible due to the fact that the temperature of the
collection surface rises when liquid nitrogen ows continuously
through the collector while it is located inside the vacuum
chamber. Nanoscale production of metal nanoparticles begins
with nucleation of the particles. The nanoparticles are amassed
© 2023 The Author(s). Published by the Royal Society of Chemistry
on the surface of the collector by the processes of vaporisation
and condensation.255 Fig. 33 displaying the ow chart of gas
condensation method.

4.4.2. Physical fabrication. Evaporating the material is the
rst stage in this bottom-up technique to the synthesis of
nanostructural materials. The second step, rapid controlled
condensation, is used to acquire particle size and is the second
step. The three processes that fall under the category of physical
synthesis are high-energy ball milling; solid, chemical and
physical vapour deposition and laser ablation.

4.4.2.1. High energy ball milling technique. The milling of
ZnO powder takes anywhere from two hours to y hours,
depending on the temperature and humidity of the
surrounding air. Hardened steel balls are used in the milling
process. In a horizontal oscillating mill, the milling process was
carried out mechanically at a rate of 25 Hz. The ratio of zinc
oxide powder to steel balls in the combination is 1 : 15, based on
the weight of the individual components. The processing of the
RSC Adv., 2023, 13, 13735–13785 | 13765
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Fig. 31 Flow chart ZnO hydrothermal method.

Fig. 32 Flow chart SnO pyrolysis method.

13766 | RSC Adv., 2023, 13, 13735–13785 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 33 Flow chart gas condensation method.
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material was place without the use of any additional milling
agents.256 Fig. 34 displaying the ow chart of high energy ball
milling method.

4.4.2.2. Laser ablation. First, prepare the solution by dis-
solving sodium dodecyl sulphate in double-distilled water. Next,
irradiate a piece of zinc metal with Nd:YAG lasers at a frequency
of 10 Hz for attentive output of secondary harmonics, with
a focal length of 250 nm for 60 min and a total energy of 100 mJ.
Nanoparticles of zinc were synthesized.257 Fig. 35 displaying the
ow chart of laser ablation method.

4.4.3. Biological fabrication. This method refers to biore-
mediation, in which biological processes are used to degrade
and metabolise chemical substances, restoring environmental
quality. Plant-mediated and microbe-mediated biological
synthesis are the two types of biological synthesis.

4.4.3.1. Plant mediated technique. In this process, nano-
particles are made by bioreducingmetal ions to their most basic
form utilising plants or plant components.258 Fig. 36 displaying
the ow chart of plant mediated method (Table 2).

4.4.3.2. Microbes mediated technique. The autoclave is used
to make and sterilise the nutrition broth. Then, under aseptic
conditions, bacterial strains are introduced, and the tempera-
ture is maintained overnight. The appearance of turbidity
conrms bacterial growth, aer which the supernatant and
pellet were separated and studied under FTIR, XRD, UV
© 2023 The Author(s). Published by the Royal Society of Chemistry
spectrophotometer, and SEM.260 Fig. 37 displaying the ow
chart of microbes mediated method.

4.5. Application of ZnO

Zinc oxide's vast range of useful chemical and physical prop-
erties have led to its application in a diverse range of industries.
It has many different applications, ranging from ceramics to
tyres, agriculture to pharmaceuticals, and chemicals to paints.
It is also employed in a wide number of different industries
(Fig. 38).

(1) The global production of zinc oxide is approximately 105

tonnes per year, with the rubber sector consuming the majority
of it for the creation of various cross-linked rubber products.261

It is possible to increase the heat conductivity of traditional
pure silicone rubber by adding thermal conductivity llers such
as metal oxides, metal powders, and inorganic particles.
Although traditional pure silicone rubber has a poor heat
conductivity, this property can be improved. It is possible for
certain types of thermal conductivity powders, such as AlN3,
MgO, Al2O3, ZnO, and SiO2, to increase the thermal conductivity
of silicone rubber while maintaining its high electrical resis-
tance. Because of this, these powders are attractive options for
high-performance engineering materials. It is feasible to ach-
ieve high thermal conductivity even at a low ller content by
using nanoscale llers, which are used in the manufacturing
RSC Adv., 2023, 13, 13735–13785 | 13767
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Fig. 34 Flow chart high energy ball milling method.
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process. However, as a result of the weak connection that exists
between the surface of the nanoparticles and the polymer
matrix, the ZnO nanoparticles have a tendency to group
together in the polymer matrix to form larger particles. Tech-
niques that modify the surface are utilised in order to improve
the interaction of nanoparticles with the polymer in order to
solve this problem. Das et al.262 demonstrate how, during the
curing process, a hydrosilylation procedure is used to incorpo-
rate unmodied and surface-modied ZnO nanoparticles into
the silicone rubber. Both of these types of nanoparticles include
the vinyl silane group. Both the silicone rubber/zinc oxide (SR/
ZnO) and the silicone rubber/silicon dioxide at zinc oxide (SR/
SiVi@ZnO) nanocomposites were investigated in terms of
their related structure, morphology, and properties. Yuan et al.
employed a sol–gel approach to generate zinc oxide nano-
particles (with an average size of less than 10 nm). Aer that
step was completed, the silicone coupling agent VTES was
successfully incorporated onto the surface of the nanoparticles.
Both the thermal conductivity and the mechanical properties of
13768 | RSC Adv., 2023, 13, 13735–13785
the SR/SiVi@ZnO nanocomposites were signicantly enhanced
as a result of the formation of a cross-linking structure within
the silicone rubber matrix as well as an improvement in the
dispersion of the nanocomposites within that matrix.

(2) Zinc oxide is an extremely efficient and oen used
crosslinker for carboxylated elastomers.263,264 It is possible to
produce vulcanizates that have a high tensile strength, resis-
tance to tearing, and level of hardness as well as hysteresis. The
increased mechanical capabilities of ionic elastomers are
primarily the result of their high stress relaxation capacity. This
is because the enhanced mechanical capabilities of ionic elas-
tomers are caused by the slippage of elastomer chain molecules
on the surface of ionic clusters and the reformation of ionic
bonds when the sample is deformed externally. In addition,
ionic elastomers have thermoplastic properties, and when they
are in a molten state, they can be handled just like any other
thermoplastic polymer.265 However, zinc oxide-crosslinked
carboxylic elastomers have a few drawbacks that need to be
considered. Their scorchiness, complete absence of ex, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 35 Flow chart carbon nanotubes laser ablation method.
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high compression set are the features that stand out the most.
In order to prevent searchability, carboxylated nitrile elastomers
are cross-linked utilising systems consisting of zinc peroxide or
zinc peroxide/zinc oxide. Although the development of ionic
crosslinks accounts for the vast majority of the vulcanization of
XNBR with zinc peroxide, the action of the peroxide also results
in the formation of covalent connections between the individual
chains of the elastomer. However, longer vulcanization dura-
tions are required in order to achieve vulcanizates with equiv-
alent tensile strength and crosslink density to zinc oxide-
crosslinked vulcanizates. This is because zinc oxide is a cross-
linking agent. In the case of XNBR vulcanization utilising zinc
peroxide/zinc oxide systems, the curing process is comprised of
at least three stages: the rapid synthesis of ionic crosslinks as
a result of the initial zinc oxide present; peroxide crosslinking
resulting in the development of covalent bonds (peroxide
action); and ionic crosslinking as a result of the production of
zinc oxide as a result of the peroxide decomposing. The third
stage, which takes place gradually over long periods of time and
© 2023 The Author(s). Published by the Royal Society of Chemistry
results in degradation, very certainly involves the production of
ionic species in some way. The vulcanization periods that can be
achieved with XNBR that has been crosslinked with zinc oxide
are substantially longer than those that can be achieved with
XNBR that has been vulcanised using any other method.
Despite the fact that it can cause burns in some situations, zinc
oxide is nevertheless extensively utilised as a cross-linking agent
in carboxylated nitrile rubbers. This is the case despite the fact
that zinc oxide can induce burns. When it comes to the process
of cross-linking, the parameters that are most important in
determining its activity are the particle size, surface area, and
shape of the zinc oxide. This is due to the fact that zinc oxide
reacts with elastomer carboxylic groups to form carboxylic salts,
which are also known as ionic crosslinks. The nature of the
interphase that develops between the cross-linking agent and
the elastomer chains is determined by these factors.266

(3) Hamed et al.267 used a solid-state pyrolytic process to
synthesize nano zinc oxide. Studies on surface area and
microscopic pictures showed that the generated zinc oxide had
RSC Adv., 2023, 13, 13735–13785 | 13769
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Fig. 36 Flow chart ZnO plant mediated method.
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a surface area that ranged from 12 to 30 m2 g−1 and had particle
sizes that ranged from 15 to 30 nm. The particle sizes ranged
from 15 to 30 nm. The neoprene rubber that the researchers
employed had a trace amount of zinc oxide, which served as
a curing agent and was incorporated into the substance. It was
demonstrated that a modest dosage of ZnO was optimal,
particularly in comparison to the ZnO that is found in
commercial items. Evaluations were conducted on the rubber's
13770 | RSC Adv., 2023, 13, 13735–13785
curing qualities as well as its mechanical properties, and the
results were compared to those of conventionally cured rubbers
made with zinc oxide. It was discovered that a low concentration
of zinc oxide was sufficient to provide comparable curing and
mechanical properties to neoprene rubber that utilised a higher
concentration of commercial zinc oxide. This was discovered by
comparing the properties of neoprene rubber that used a higher
concentration of commercial zinc oxide. This was a nding that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesizing of different nanoparticles by using plants259

S. no Plant name Part of plant used Type of NPs Size Applications

1 Aloe vera Leaf Gold and silver 10–30 nm Optical coatings and cancer
hyperthermia

2 Syzygium aromaticum (clove buds) Leaf Gold 5–10 nm Detection and destruction of cancer cells
3 Trifolium pratense Flower ZnO 100–190 nm Antimicrobial, antioxidant
4 Annona squamosa Peel TiO2 23 nm Detection and destruction of cancer cells
5 Citrus limon (lemon) Lemon extract Silver <50 Detection and destruction of cancer cells
6 Azadirachta indica Leaves ZnO 40 nm Antimicrobial, antioxidant
7 Aloe vera Leaf TiO2 60 nm Detection and destruction of cancer cells
8 Albizia lebbeck Stem barn ZnO 66.25 nm Antimicrobial, antioxidant
9 Psidium guajava Leaf TiO2 32.58 nm Detection and destruction of cancer cells
10 Tinospora cordifolia Leaves Cu 50–130 nm Catalytic degradation
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came about as a result of the observation that a low concen-
tration of zinc oxide was sufficient. It all started with the
observation that a small amount of zinc oxide was sufficient.

(4) Zinc oxide is commonly employed in the creation of
several types of pharmaceuticals due to its drying, antibacterial,
and disinfecting qualities.268,269 Historically, it was utilized in
the treatment of epilepsy, and later on, it was utilized in the
treatment of diarrhoea. At the moment, it is employed in the
region, most frequently in the form of creams and ointments,
but less frequently in the form of liquid powders and dusting
powders. Dusting powders and liquid powders are utilized less
frequently. Zinc oxide is frequently used in dermatological
goods intended to treat inammation and irritation because of
its capacity to stimulate wound healing. These products can be
found on the market. Peeling of the skin can occur when it is
exposed to higher amounts of the substance. In addition to that,
it is also available in suppositories. Additionally, it has use in
the eld of dentistry, primarily as a component of dental pastes
and additionally for the production of temporary llings. Zinc
oxide is also utilized to give dietary zinc in a variety of dietary
supplements and nutritional items. This is necessary because
zinc is essential for human health.270

(5) Before the introduction of nanoparticles of TiO2 and ZnO,
sun lotions had heavy formulations that did not rub well into
the skin and were cosmetically unpleasant. Because of their
ability to absorb UVA and UVB rays, these chemicals began to be
used in creams. A new cream formula including a combination
of TiO2 and ZnO solved the problem of an insufficiently white
layer, resulting in a more clear, less sticky, and much simpler to
rub into the skin medium.271 Titanium and zinc oxides have
been demonstrated in a number of studies to be excellent sun
cream media because they absorb UV rays, do not irritate the
skin, and are quickly absorbed into the skin.272–274

(6) Zinc oxide is biocompatible for textile applications, and
nanostructured zinc oxide coatings are more air-permeable and
UV-blocking efficient than their bulk equivalents.275 As a result,
ZnO nanostructures have attracted a lot of interest as UV-
protective textile coatings. Using ZnO nanostructures, various
ways for producing UV-protecting textiles have been reported.
For example, UV-blocking capabilities of hydrothermally
produced ZnO nanoparticles in SiO2-coated cotton fabric were
© 2023 The Author(s). Published by the Royal Society of Chemistry
outstanding.276 Aer synthesis in a homogeneous phase reac-
tion at high temperatures, deposition of ZnO nanoparticles on
wool and cotton bres resulted in a signicant increase in UV-
absorbing activity.277 UV protection was equally impressive
with zinc oxide nanorod arrays grown on a brous substrate
utilising a low-temperature growing method.278

(7) Zinc oxide is a unique and crucial semiconductor with
numerous electronic and electrotechnology applications.279–281

At ambient temperature, zinc oxide has a wide energy band of
3.37 eV and a high bond energy of 60 meV, making it useful in
photoelectronics282 and electronic equipment,283 devices emit-
ting a surface acoustic wave,284 eld emitters,285 sensors,286–289

ultraviolet lasers,290 and solar cells.291 ZnO also shows lumi-
nescence (most notably photoluminescence—the production of
light in the presence of electromagnetic radiation). It is
employed in eld emission display equipment, such as televi-
sions, because to this property. It outperforms typical materials
such as sulphur and phosphorus (phosphorescent compounds)
in terms of UV resistance and electrical conductivity. The pho-
toluminescent properties of zinc oxide are affected by the
crystals size, the presence of defects in the crystalline structure,
and the temperature.292–295 ZnO is a semiconductor, and thin
lms made of it have strong conductivity and visible light
permeability. It can be used to make light-permeable electrodes
for solar batteries because of these qualities. It's also a prom-
ising material for ultraviolet-emitting devices and could be used
as a transparent electrode in photovoltaic and electrolumines-
cent equipment.296,297

(8) The addition of zinc oxide cuts down on the amount of
time needed for manufacture and boosts the resistance of
concrete to the action of water. Additionally, the incorporation
of zinc oxide into Portland cement causes a delay in the
processes of hardening and quenching (i.e., it causes a delay in
the progressive generation of heat), and it also results in an
improvement in the whiteness and nal strength of the cement.
Zinc silicates are compounds that are resistant to water and re
that is formed when zinc oxide is combined with silicates (for
example, sodium silicate). These compounds are utilized as
paint binders. These compounds, which are resistant to re and
act as adhesives, are put to use in the building industry to bind
cements. A Cu/ZnO/Al2O3 catalyst is utilized in the production
RSC Adv., 2023, 13, 13735–13785 | 13771

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01421e


Fig. 37 Flow chart of microbes mediated method.
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of methanol, which is the third most important product
produced by the chemical industry. The active component of
this catalyst is minute Cu particles, which are driven by their
interaction with the zinc oxide substrate.298

(9) In addition, zinc oxide is utilized in the production of
typographic as well as offset inks. It offers superior qualities as
a printing medium (high uidity). The utilization of zinc oxide
helps to improve the covering power, pure shade, and longevity
of the inks and it also prevents darkening from occurring. Zinc
oxide is another ingredient that gives colours their shine.299
13772 | RSC Adv., 2023, 13, 13735–13785
(10) It can be discovered in a wide variety of meals, such as
breakfast cereals, among others. Zinc is utilized from zinc oxide
as a source of zinc, which is an important nutrient. Due to the
unique chemical and antifungal properties of ZnO and its
derivatives, they are also utilized in the manufacturing and
packing of animal products (such as sh and meat) and vege-
table items. These applications include: (e.g., peas and
sweetcorn).300

(11) Fungi and moulds are hampered in their attempts to
form and grow when exposed to ZnO or one of its derivatives.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 38 Schematic illustration of applications of the ZnO discussed below.
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Zinc oxide is oen used as a means of boosting the effectiveness
of fungicides. As zinc oxide encourages healthy growth in
animals, it is increasingly being used as an addition in animal
feed. This trend is expected to continue. Additionally, it is
utilized in the production of synthetic fertilizer.301

(12) In addition, zinc oxide can be utilized in the eld of
criminology, particularly in the process of mechanical nger-
print analysis. It is also included in cigarette lters because of
its ability to selectively remove certain components of the
smoke produced by tobacco products. To eliminate substantial
quantities of H2S and HCN from tobacco smoke in a manner
that does not result in the production of an offensive odour,
lters are made of charcoal that has been loaded with zinc oxide
and iron oxide. In addition to this, it is capable of extracting
sulphur and compounds of sulphur from a wide variety of gases
and liquids, most notably waste gases from industrial
processes. In addition to this, zinc is capable of removing H2S
from hydrocarbon gases and desulfurizing H2S together with
other forms of sulphur.302

(13) In addition, zinc oxide and its derivatives nd use in the
automotive industry as a lubricant additive, where they help
reduce fuel consumption and protect against oxygen corrosion.
In addition, zinc oxide has been utilized in a range of lubri-
cants, including solid lubricants, vibration-resistant lubricants,
© 2023 The Author(s). Published by the Royal Society of Chemistry
and EP additives, amongst other applications. In the not-too-
distant future, the adhesive properties of ZnO could perhaps
be utilized.303

(14) Arnold et al.303 used individual nanobelts to create eld
effect transistors (FETs). Using ultrasonication, large packets
of zinc oxide nanobelts were diffused in ethanol until the
majority of the nanobelts were separated. This process was
repeated several times. In order to conduct an atomic force
microscopy investigation, these distributed nanobelts were
heated on a substrate made of SiO2/Si. Depositing zinc oxide
nanobelt diffusions on SiO2/Si(p+) substrates and then heat-
ing them in an oxygen atmosphere at 800 °C for two hours was
the process that was used to produce ZnO eld effect tran-
sistors (FETs). These substrates were rst spun coated with
a polymer called poly methyl meth acrylate (PMMA), then
baked, and nally exposed to electron-beam lithography so
that electrode arrays could be developed and characterised.
The leover PMMA was removed using hot acetone, and then
a 30 nm titanium layer was formed using electron-beam
evaporation to act as the source and drain for these elec-
trodes. By altering the gate voltage, this FET device would be
able to control the amount of current that was owing from
the source to the drain.
RSC Adv., 2023, 13, 13735–13785 | 13773
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(15) ZnO nanoparticles have excellent luminous character-
istics. Costenaro et al.304 used co-precipitation method to create
ZnO nanoparticles with varying amounts of amino-
propyltriethoxy silane (APTS). They created LED devices using
these ZnO nanoparticles and reported improved luminous
characteristics. Liu et al.305 used a carbon cloth template
hydrothermal technique to create a photodetector using exible
nanoparticle-assembled ZnO cloth. Under UV irradiation, more
than 600 separate measurements of the device's conductance
were taken, and the response and decay periods came out to
approximately 3.2 and 2.8 s, respectively.

(16) Bagabas et al.306 advised ZnO nanoparticles for envi-
ronmental applications. They spotted the photodegradation of
cyanide ions while creating ZnO nanoparticles using cyclohex-
ylamine in aqueous and ethanolic media. They found that the
structure was essential to boosting the photocatalytic break-
down prociency of cyanide ion, and they discovered this. Hong
et al.307 used a precipitation process to create ZnO nano-
particles, which had a high photocatalytic activity.

(17) Because of their exceptional biocompatibility, ZnO
nanoparticles have the potential to be utilized in various
applications, including medication delivery and bioimaging308

and low cost.309 Nanoparticles with magnetic and luminous
properties have potential as drug carriers and detecting probes,
among other things.

(18) Matsuyama et al.310 suggested biomedical uses of silica-
layered zinc oxide quantum dots with biotin as uorophore for
cell-labeling applications, as well as cautious destruction in
malignant cell applications.311

(19) Zinc oxide nanomaterials have shown that they can be
used to detect DSSC substances312 and are used as UV blockers
in sunscreen lotion.313 Based on their drug transport, anti-
cancer, bioimaging activity, antibacterial, and anti-
inammatory properties, ZnO nanoparticles have demon-
strated potential for usage in a variety of biomedical
applications.314

(20) Sun et al.315 proposed that ZnO nanostructures have the
potential to be utilized in applications involving the collection
of energy as a stretchable nanogenerator.

Summary

The chemistry of nanomaterials (NMs) and nanoparticles
(NPs) are a burgeoning eld of research and a rapidly
expanding technological sector in a wide variety of application
domains. Nanoparticles are separated into their respective
categories based on their morphology, which refers to their
structure, as well as their size and shape. One-dimensional
nanomaterials, two-dimensional nanomaterials, and three-
dimensional nanomaterials are the three types of nano-
materials on the basis of their dimension. The most important
innovations of the 21st century are the design and fabrication
of nanoscale materials made of metal oxides, metals, carbon
allotropes and chalcogenides. These materials are used in
a vast range of elds, such as energy storage, catalysis and
biosensors, conversion devices and biomedical applications.
In particular, the unique physiochemical properties of
13774 | RSC Adv., 2023, 13, 13735–13785
semiconducting metal oxides, such as SnO2, ZnO, and TiO2,
which vary depending on size and shape, have been exten-
sively researched and exploited. One of the most stable n-type
semiconducting materials for chemical and thermal applica-
tions is ZnO, which is available in a variety of forms including
pellets, bulk crystal and thin lm for use in everything from
luminescent materials to batteries, supercapacitors and solar
cells to biomedical and photocatalysis sensors. The variation
of ZnO nanostructures is determined by the growth mecha-
nism, the growth method, the synthesis conditions, and the
type of substrate. Nanowires, Nanorods, nanotubes, nano-
columns, nanorings, nanobelts, nanosheet networks, nano-
ribbons, nanoowers, hollow micro- and nanospheres and
nanocombs are among the nanostructures. These nano-
structures can be fabricated quite easily at very low tempera-
ture, and a variety of different growth techniques for ZnO
nanostructures have been documented, including chemical,
physical and biological techniques. The process of chemical
fabrication can be divided into two distinct phases: the gas
phase and the liquid phase. The liquid phase can be further
subdivided into precipitation/co-precipitation technique,
colloidal technique, sol–gel technique, oil microemulsion
technique, hydrothermal technique, and solvothermal tech-
nique, while the gas phase can be further separated into
pyrolysis and gas condensation techniques (CVD) and thermal
evaporation. The three processes that fall under the category
of physical synthesis are high-energy ball milling, solid,
chemical and physical vapour deposition and laser ablation.
Plant-mediated and microbe-mediated biological synthesis
are the two types of biological synthesis. Because of the growth
procedures, disciplines and applications that were discussed
above, ZnO has the potential to become one of the most
signicant candidates for use in future research and applica-
tions. Zinc oxide's vast range of useful chemical and physical
properties have led to its application in a diverse range of
industries. It has many different applications, ranging from
ceramics to tyres, agriculture to pharmaceuticals, and chem-
icals to paints. It is also employed in a wide number of
different industries.
Conflicts of interest

The authors declared no potential conicts of interest.
Acknowledgements

Princess Nourah bint Abdulrahman University Researchers
Supporting Project number (PNURSP2023R152), Princess
Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.
References

1 R. Khan, I. Shigidi, S. A. Otaibi, K. Althubeiti,
S. S. Abdullaev, N. Rahman, M. sohail, A. Khan, S. Iqbal,
T. Del Rosso, Q. Zaman and A. Khan, Room temperature
dilute magnetic semiconductor response in (Gd, Co) co-
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01421e


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 9
:5

0:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
doped ZnO for efficient spintronics applications, RSC Adv.,
2022, 12, 36126–36137, DOI: 10.1039/D2RA06637H.

2 United Nations, Questions About Nanotechnology, 2012,
https://www.epa.gov/chemical-research/research-
nanomaterials, accessed Aug 21, 2014.

3 Considering Whether an FDA-Regulated Product Involves the
Application of Nanotechnology, Federal Drug
Administration, USA, 2011, https://www.fda.gov/
RegulatoryInformation/Guidances/ucm257698.html,
accessed Jan 25, 2016.

4 ISO/TS 80004-1:2010, Nanotechnology – Vocabulary – Part 1:
Core Terms, International Organization for
Standardization, Geneva, Switzerland, 2010, https://
www.iso.org/standard/51240.html, accessed July 17, 2017.

5 E. A. J. Bleeker, F. R. Cassee, R. E. Geertsma, W. H. de Jong,
E. H. W. Heugens, M. Koers-Jacquemijns, D. van De Meent,
A. G. Oomen, J. Popma, A. G. Rietveld and
S. W. P. Wijnhoven, Interpretation and implications of the
European Commission's denition on nanomaterials; Letter
report 601358001, RIVM, Bilthoven, Netherlands, 2012.

6 J. Potocnik, Off. J. Eur. Communities: Legis., 2011, L275, 38–
40, DOI: 10.3000/19770677.L_2011.275.eng.

7 R. P. Feynman, There's Plenty of Room at the Bottom,
Engineering and Science Magazine, California Institute of
Technology, 1960.

8 S. Laurent, et al., Magnetic iron oxide nanoparticles:
Synthesis, stabilization, vectorization, physicochemical
characterizations and biological applications, Chem. Rev.,
2008, 108(6), 2064–2110, DOI: 10.1021/CR068445E.

9 J. N. Tiwari, R. N. Tiwari and K. S. Kim, Zero-dimensional,
One dimensional, Two-dimensional and Three-
dimensional Nanostructured Materials for Advanced
Electrochemical Energy Devices, Prog. Mater. Sci., 2012,
57(4), 724–803.

10 D. K. Tiwari, J. Behari and P. Sen, Application of
Nanoparticles in Waste Water Treatment, 2008, vol. 1.

11 M. Mansha, et al., Synthesis, Characterization and
VisibleLight-Driven Photoelectrochemical Hydrogen
Evolution Reaction of Carbazole-Containing Conjugated
Polymers, Int. J. Hydrogen Energy, 2017, 42(16), 10952–
10961.

12 J. P. Rao and K. E. Geckeler, Polymer Nanoparticles:
Preparation Techniques and Size-Control Parameters,
Prog. Polym. Sci., 2011, 36(7), 887–913.

13 I. Pantic, Magnetic nanoparticles in cancer diagnosis and
treatment: novel approaches, Rev. Adv. Mater. Sci., 2010,
26, 67–73.

14 M. Valko, H. Morris and M. Cronin, Metals, Toxicity and
Oxidative Stress, Curr. Med. Chem., 2005, 12(10), 1161–
1208, DOI: 10.2174/0929867053764635.

15 J. Kolosnjaj-Tabi, et al., The One Year Fate of Iron Oxide
Coated Gold Nanoparticles in Mice, ACS Nano, 2015, 9(8),
7925–7939, DOI: 10.1021/ACSNANO.5B00042.

16 C. C. Berry, Possible exploitation of magnetic nanoparticle–
cell interaction for biomedical applications, J. Mater.
Chem., 2005, 15(5), 543–547.
© 2023 The Author(s). Published by the Royal Society of Chemistry
17 E. C. Dreaden, A. M. Alkilany, X. Huang, C. J. Murphy and
M. A. El-Sayed, The golden age: Gold nanoparticles for
biomedicine, Chem. Soc. Rev., 2012, 41(7), 2740–2779,
DOI: 10.1039/C1CS15237H.

18 M. Salavati-Niasari, F. Davar and N. Mir, Synthesis and
Characterization of Metallic Copper Nanoparticles via
Thermal Decomposition, Polyhedron, 2008, 27(17), 3514–
3518.

19 Michael Faraday, The Bakerian Lecture. —Experimental
relations of gold (and other metals) to light, Philos. Trans.
R. Soc. London, 1857, 147, 145–181, DOI: 10.1098/
RSTL.1857.0011.

20 H. Kumar, N. Venkatesh, H. Bhowmik and A. Kuila, Metallic
nanoparticle: a review, Biomed. J. Sci. Technol. Res., 2018, 4,
3765–3775, DOI: 10.26717/BJSTR.2018.04.001011.

21 G. Fan, C. M. Dundas, C. Zhang, N. A. Lynd and B. K. Keitz,
Sequence-Dependent Peptide Surface Functionalization of
Metal-Organic Frameworks, ACS Appl. Mater. Interfaces,
2018, 10(22), 18601–18609, DOI: 10.1021/ACSAMI.8B05148.

22 C. Y. Tai, C. te Tai, M. H. Chang and H. S. Liu, Synthesis of
magnesium hydroxide and oxide nanoparticles using
a spinning disk reactor, Ind. Eng. Chem. Res., 2007, 46(17),
5536–5541, DOI: 10.1021/IE060869B.

23 M. B. Sathyanarayanan, R. Balachandranath, Y. Genji
Srinivasulu, S. K. Kannaiyan and G. Subbiahdoss, The
Effect of Gold and Iron-Oxide Nanoparticles on Biolm-
Forming Pathogens, ISRN Microbiol., 2013, 1–5, DOI:
10.1155/2013/272086.

24 P. Salas, N. Odzak, Y. Echegoyen, R. Kägi, M. C. Sancho and
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