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INTRODUCTION

Nanotechnology is the development, characterization and
study of materials with a size between 1 and 100 nm and differs
significantly from bulk materials based on size-related features.
Itis a fast-evolving technique with a promising future to comp-
letely transform all research fields [1-5]. Nanoparticles are
variants of fundamental constituents developed after altering
their atomic properties and become vital because of their distinct
physical, chemical and magnetic characteristics [6]. The rapidly
developing discipline of nanotechnology has the potential to
revolutionize every area of study in the near future. [7]. At the
nanoscale, materials can undergo transformations in their optical,
structural, chemical, electrical, and mechanical properties [8,9].
Metal oxide-based nanoparticles, in particular zinc oxide, copper
oxide, titanium oxide and nickel oxide, have received consider-
able attention due to their non-toxic nature, large quantity,
exceptional surface area and thermal and chemical stability
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[10]. Also, these metal oxides have been utilized in different
industrial operations. The large-scale manufacturing of glass
and ceramics, rubber and tyres, pharmaceuticals, cosmetics,
farming practices, paint and coating used more than 1.4 x 10°
tonnes of zinc oxide in 2021. The market of ZnO is expected
to attain 6.26 billion USD by 2026, which used to be 4.75 billion
USDin 2019 [11]. The worldwide ZnO industry is growing at
a 4.03% yearly growth. Zinc oxide nanoparticles is currently
the most common kind of zinc nanoparticle (in both research
and practice). Each year, an estimated 550 tonnes of ZnO nano-
particls produced in the global market [12,13].

Zinc oxide nanoparticles: ZnO is an inorganic, insoluble
and white material present as a zincite mineral in the earth’s
crust. The majority of manufactured ZnO used for the industrial
applications [14,15]. In materials science, ZnO is frequently
referred to as an II-VI semiconductor because Zn and O are in
2nd and 6th group of the periodic table, respectively [16]. ZnO
is an n-type semiconductor material with a 3.02-3.30 eV band
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gap, high melting temperature (1975 °C) and higher binding
potential (60 meV) [17]. Despite having a strong piezoelectric
effect, ZnO also has a lot of luminescent properties as well as
high electron mobility, electrochemical stability and mechanical
energy. Its three crystallographic phases are cubic rock salt,
hexagonal wurtzite and cubic Zn blend. Wurtzite (a = 3.25 A,
¢=5.12 A) is the simplest and most prevalent of these phases
in which the atom of zinc is bonded with four oxygen atoms
tetrahedrally [14].

ZnO has a variety of uses because of its particular chemical,
physical and biological characteristics. It is better suited for
the advance-level water purification processes because of its
cost effectiveness, environmental friendliness and biocompati-
bility [18,19]. ZnO has been declared safe for use in industries
that deal with food by the Food and Drug Administration [20].
Materials such as plastic, glass, ceramic, cement, rubber, dietary
supplements, electronics and non-flammable items commonly
incorporate them due to their broad range of useful qualities.
These qualities include moderate antibacterial activity, excel-
lent electrical and thermal conductivity, exceptional temperature
stability and stable pH level [21].

Methods for synthesis of nanoparticles: Usually for the
production of nanoparticles, bottom-up and top-down strategies
have been considered. Top-down strategies include etching,
electro-explosion, sputtering and mechanical milling, whereas
bottom-up strategies include three fundamental techniques for
generating nanoparticles viz. physical, chemical and biological
methods [22-24]. In a top-down strategy, large particles are
broken into smaller particles with the help of milling or any
other instrument. It requires the initial development of large-
size particles, which are downsized to a nanoscale level using
plastic deformation. This method cannot be used to produce
nanoparticles at an industrial scale because it is costly and time
consuming [25]. In the bottom-up approach, conventional tech-
niques (physical and chemical methods) are used to synthesize
noble, good quality nanoparticles. Still, the procedure is costly
and frequently produces harmful byproducts that can have
negative effects when used for biological purposes. In these
procedures, extracapping and stabilizing agents are also required
[26]; this issue is resolved when nanoparticles are synthesized
through green approach, a bottom-up plan causing an oxidation/
reduction process [27,28]. Large amounts of pure ZnO nano-
particles can be synthesized by adopting green synthesis
method, which includes plants, bacteria, fungus, algae, efc.
[29].

Conventional methods for the synthesis of ZnO nano-
materials: Mechanochemical and chemical processes are the
conventional methods for synthesizing metallic nanoparticles,
such as ZnO NPs. Classic approaches for the chemical synthesis
include hydrothermal, sol-gel, co-precipitation and microemu-
Ision techniques. High-energy ball milling and laser ablation
are the examples of mechanochemical synthesis [30]. So there
are various methods which are used for the fabrication of ZnO
NPs (Table-1). In the following sub-sections, this study briefly
discusses the advantages and disadvantages of the conventional
ZnO NPs synthesis method as well as some unique and remark-
able examples.

Sol gel technique: It is the most typical technique for synth-
esizing metal oxide nanoparticles as it involves gradual trans-
formation of sol into a solid “gel” phase through hydrolysis
and polymerization steps. The gel is then heated to evaporate
solvents to obtain the resultant particle [31]. Shrinkage, break-
age while drying and a failure to control porosity are a few
additional fundamental drawbacks of this method. Despite its
drawbacks, this approach remains one of the most popular
because the material generated is homogenous; the processing
temperature is low and cost effective [32,33].

Abarna et al. [34] used the sol-gel approach to produce
mesoporous ZnO. The impact of jute fibers on ZnO character-
istics was examined. To enhance gelation, ZnC4HsO., oxalic
acid, jute fibres, alcohol and ethanol were combined and left
overnight. The size of the crystals of the mesoporous ZnO
was reduced from 33 to 24 nm by altering the amount of jute
fibres from O to 1.5 g. As aresult, the band gap shrinks to 2.91
eV from 3.02 eV. Davis et al. [35] synthesized ZnO using a
combination of sol-gel and solvothermal methods. The solvents
utilized in the solvothermal production of ZnO nanorods were
water, DMF, acetonitrile, dimethyl sulfoxide, toluene, hydro-
quinone and xylene. The length (1-5 m) and width (50-180
nm) of the nanorods improved when a DMF/water mixture
was applied. The diversity in the structure of produced ZnO
can be explained by the differing solubilities of various solvents
in water. Some of these may have hampered nanorods growth.
The DMSO-water mixture produced improper slates with
normal lengths ranging from 500 nm to 2 m. Finally, when
hydroquinone was used, globular-shaped particles with a mean
diameter range of 100-500 nm were created.

Hydrothermal method: Sir R. Murchison coined the term
“hydrothermal” to explain the impact of hot water on the Earth’s
crust [36]. It represents a wet synthesis technique that kept
compounds in vessels at temperature above the boiling point
of water and under high pressure. The diffusion process can
be controlled using this energy-efficient approach, which uses
temperature lesser than those used for traditional synthesis
processes [37]. The necessary metal oxide is created by the metal
precursor in double phase. The metal ions first produce a metal
hydroxide, then, the metal oxide is created by dehydrating the
metal hydroxide [38]. A subtype of the hydrothermal process
called solvothermal synthesis use solvents other than water.
The synthesis of ZnO with adjustable crystallite size is found
to be simple, affordable and low-temperature by using hydro-
thermal and solvothermal processes. It is fascinating and effec-
tive to use hydrothermal and solvothermal methods to produce
various nanogeometries of materials, such as nanorods, nano-
wires, nanosheets and nanospheres [39]. The pH of the precursor
Zn** solution, the ion concentration, the reaction temperature
and the reaction time are just few of the parameters that may
be adjusted for synthesis of ZnO through hydrothermal method
[40]. These variables have a significant impact on the nucle-
ation and growth rates, which in response affect morphology
of resulting ZnO crystal [41-44]. Biron et al. [45] used this
process to synthesis ZnO NPs with crystallite size of 20 nm.
The crystal structure of the synthesized ZnO was hexagonal
wurtzite. In addition, the obtained ZnO NPs showed a UV-Vis
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TABLE-1
SYNTHESIS OF ZINC OXIDE NANOPARTICLES BY CONVENTIONAL METHODS
Name of method Precursors used Precursor conditions Size (nm) Shape Ref.
Sol-gel Zn(CH;COO0),, oxalic acid, Reaction temperature: 60 °C; drying: 33-24 Rod-shaped, [34]
ethanol and sodium 100 °C; calcination: 5 h, 500 °C spherical shaped
hydroxide, sulphuric acid
Sol-gel and Zinc(IT) chloride, NaOH Reaction: 15 min., room temperature; 3-500 Spherical, nanoroads [35]
solvothermal drying: 100 °C; calcination: 5 h, 500 and nanoslates
combined °C
Sol-gel Zn(CH;COO0),, Reaction: room temperature; annealed 70 Nanotubes [79]
diethanolamine, ethanol of sol: 2 h, 500 °C
Sol-gel Zinc acetate dehydrates Reaction: 300 °C; Centrifugation: 5000 73-395 Nanorods [80]
sodium hydroxide, rpm for 15 min drying: 70 °C
polyethylene glycol,
ethanol
Hydrothermal Zn(CH;CO0),-2H,0, Autoclaving: 200 °C for 24 h, drying: 9-15 Rod-like, plate-like [81]
NaOH 80 °C for 6 h
Solvothermal Zinc nitrate hexahydrate, Heated in reflux at 140 °C for 4 h, 20 Hexagonal wurtzite [45]
ethylene glycol, polyvinyl  centrifugation: 8000 rpm for 15 min,
alcohol, NaOH, Zn(OH), drying: 80 °C for 24 h
Precipitation Method 1-Zinc acetate Conditions 1 — Reaction: room 19-34 Hexagonal wurtzite [51]
dihydrate, KOH, methanol  temperature for 2 h, calcination: 450
Method 2-Zinc nitrate °Cfor 12 h
hexahydrate, N,N- Conditions 2 — drying: 150 °C,
dimethylformamide calcination: 450 °C for 8 h
Precipitation ZnCl,, NaOH, double Reaction — room temperature, pH — 7- 8.1 Hexagonal [52]
distilled water 8, drying — room temperature for few
days, calcination: 350 °C for 30 min
Chemical vapour Dimethylzinc, oxygen, Temperature-450 to 500 °C, pressure- 50-250 and Nanorods, nanotubes [82]
deposition Nitrogen, acetone, ethanol 25 to 75 Torr, Growth time-25 min 300-500
Chemical vapour Zinc acetate & aluminum Reaction: 400 °C, constant carrier gas 39.2-47.3 Irregular, spherical [83]
deposition nitrate, ethanol solvent and  (N,) rate-30 L/h, time of atomization-
nitrogen as carrier gas 10 min
Microemulsion Zn(NOs),, ZnSO,, ZnCl,, Centrifugation-4000 r/min for 10 min, 16 Hexagonal [57]
NaOH drying-130 °C for 2 h, calcination-
550 °C for 3 h
Microemulsion Zn(NOs),, NaOH, hexanol, Hydrothermal treatment-140 °C for 15  Less than 100  Columnar, spherical [58]
heptane h, Centrifugation-5000 rpm, drying-60
°C
Laser ablation Laser, NaOH Wavelength — 532, pulse duration — 10 80.76-102.54  Spherical [63]
ns, pulses number-50, pulsed repetition
rate-6 Hz
Laser ablation Laser-Q-switched Nd- Wavelength-1064 nm and pulse 1-30 Hexagonal wurtzite [64]
YAG LASER, distilled duration-6 ns, repetition rate-10 Hz
water, methanol
High energy ball ZnO Powder, Zirconia Process temperature — room 200-400 Hexagonal [68]
milling balls temperature, milling speed-200 to 600
rpm
Sputtering Cleaned glass/Si substrates ~ Base pressure: 9 uTorr, operating 59.90 to Hexagonal and cubic [71]
pressure: 5 mTorr, argon flow rate-20 83.95 ZnO thin films
sccm, oxygen gas flow rate: 15 sccm
Thermal Zn,(SO,)(OH)s-H,0, ZnO,  pH-6 and 11, room temperature for 2 h, 80-117 Rod-like, spherical [73]
decomposition NH;-H,0 solution, ZnCl, dried at 70 °C overnight, calcinated in shape
solution a muffle furnace at 875 °C for 1 h
Lithography Zn(CH;CO0),-2H,0, Reaction — room temperature, 190 Nanorods [78]

ethanol amine

Annealing — 300 °C for 10 min

absorption band and a band gap at 344 nm and 3.23 eV,
respectively.

Precipitation method: In this process, the interaction of
precipitating agent with soluble metal precursor leads to preci-
pitate formation. The KOH, NaOH and NH,OH are three most

often used precipitating agents, as a result, metal hydroxides
are frequently generated as precipitates. Several factors influe-
nce the precipitate formation, including the nature and amount
of the metal salt, precipitating agent, reaction temperature,
molar ratio of the precursor salt and base and pH of the solution.
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Furthermore, the sequence of reactants in which they are used
significantly impacts the morphology of the obtained particle.
For example, fewer nuclei of large size are formed when salt
is added to the base and more nuclei of smaller size are formed
when the base is combined with metal salt. The formation of
white Zn(OH); precipitates on addition of base to a solution
of clear Zn precursor; ZnO nuclei are formed by dehydrating
the two -OH groups of Zn(OH), [46,47]. This process has a
number of advantages, such as ease of use, speed, a low require-
ment for temperatures and simplified power management [48].
As an aside, this method has one major limitation: it generates
nanoparticles with a large number of water molecules tied to
them. Furthermore, batch-to-batch repeatability problems,
particles of different sizes and high agglomeration are disad-
vantages [49,50]. Bodke et al. [51] formed ZnO by precipi-
tating it with Zn(CH;3CO,),-H,O and KOH having a crystallite
size of 20 nm [51]. In a different work, Gnanasekaran et al.
[52] use anhydrous ZnCl, and NaOH to synthesize ZnO. The
obtained ZnO had a hexagonal shape and 8.1 nm crystallite
size with surface area of roughly 66 m*g™'.

Chemical vapour deposition: Chemical vapour depo-
sition (CVD) is the technique of applying a fine layer of reactant
species to a substrate. Deposition occurs in a reaction chamber
atroom temperature by incorporating different gases. A chemical
reaction takes place through interaction of a heated substrate
and combined gas [53]. This reaction produces a thin layer of
product on the surface of substrate, which is regenerated and
used again. In CVD, the factor that majorly impacts is substrate
temperature. CVD generates very pure, homogeneous, compli-
cated and strong nanoparticles. The difficulties of CVD cover
the necessity for specialized equipment and the very hazardous
gaseous byproducts [54]. Saravade et al. [55] used chemical
vapour deposition to develop Mn-doped ZnO. About, 6% Mn
can be adjusted inside the lattice of ZnO.

Microemulsion technique: Collisions of water droplets
in a microemulsion medium caused reaction of precipitation,
which ultimately ended in the creation of nanoparticles having
surfactant-stabilized nucleation. The advantages include its
ease, high thermal stability and lower aggregation. This appro-
ach has various limitations, including the effect of pH and temp-
erature on microemulsion longevity and also the continuous
requirement for extremely concentrated surfactants or cosur-
factants that may irritate [56]. Wang et al. [S57] synthesized
ZnO NPs of 16 nm in microchannel reactor systems. Following
a2 hdrying period at 130 °C, the calcination of ZnO NPs was
performed for 3 h at 550 °C. Li et al. [58] used microemulsion
procedure to synthesize ZnO NPs with various morphologies,
including columnar and spherical.

Laser ablation technique: This technique removes the
surface metallic ions from metal with a beam of laser, a small
fraction of ethanol, liquid methanol and pure H,O. This method
can produce a broad range of nanomaterials, such as carbon
nanomaterials, metal nanoparticles, ceramics and oxide comp-
osites [59,60]. This approach is easy to carry out and also
environmentally safe [61], however, pyrolysis residues are still
unclear and must be addressed [62]. Al-Dahash et al. [63]
synthesize ZnO NPs of sizes varying from 80.76 to 102.54 nm

by applying laser ablation in NaOH aqueous medium. Farahani
et al. [64] used the laser ablation method to fabricate ZnO NPs
of nearly spherical shape and size varying from 1 to 30 nm in
a methanol and distilled water suspension from a zinc source.

High-energy ball milling: It is defined as a technology
that generates metal nanoparticles of fine size inside an elevated
shaker mill [65]. Its main benefit is the capacity to simultaneously
produce an enormous amount of material. The disadvantages
of this technique include the odd-shaped nanoparticles and
pollutants generated from milling balls [66,67]. Prommalikit
et al. [68] synthesized ZnO NPs, suggesting that ZnO NPs
may be synthesized from ZnO powder present in the market
with an average size of 0.8 nm. The milling procedure yielded
particles ranging in size from 200 to 400 nm.

Sputtering: Sputtering is the technique of depositing nano-
particles on a surface by ejecting colliding particles [69]. Sputt-
ering is typically characterized by depositing a fine coating of
nanoparticles followed by annealing. The morphology and
dimensions of the nanoparticles are evaluated by sheet thick-
ness, temperature, time period of annealing, substrate type, efc.
[70]. Gholami et al. [71] prepared Ni-doped nanocomposite by
radio-frequency sputtering method and observed that Ni doping
declines the optical bandgap of ZnO from ~3.37 eV to ~3.18 eV.

Thermal decomposition: The process involves the release
of heat, which disrupts the chemical bonds of the substance,
resulting in an endothermic chemical decomposition. The
decomposition temperature is the precise temperature at which
a substance breakdown chemically. The metal is decomposed
at particular temperatures in a chemical reaction that yields
the nanoparticles [72]. Darezereshki et al. [73] produced ZnO
nanoparticles in air for 60 min at 875 °C by direct thermal
decomposition of the source. The pH of the precursor solution
was adjusted by the addition of ammonium hydroxide solution
at6and 11.

Lithography: It uses a focused beam of light or electrons
for nanoparticle development and capable of producing 1D
and 2D nanoparticles. It typically combines two significant
processes viz. deposition and etching [74,75]. The two most
common types of lithography are masked and maskless litho-
graphy. Masked nanolithography employs a particular mask
or template to transfer nanopatterns across a broad area. Masked
lithography techniques include photo, soft and nanoimprint
lithography [76,77]. Chalangar et al. [ 78] used colloidal litho-
graphy to control the morphology and density of ZnO nanorods
because the synthesized ZnO structure using low-cost chemical
baths is randomly arranged and difficult to manage in terms
of uniformity and surface density. The results showed that
vertically oriented ZnO nanorods with adjustable diameter and
thickness were successfully grown in the prescribed gaps in
the patterned resist mask placed on the layer formed. The method
is capable of producing optimized devices based on vertically
arranged ZnO nanorods of exceptional crystalline grade.

Green approaches for synthesis of nanoparticles: The
green route includes various methods, such as plant-mediated,
fungi-mediated, algae-mediated, bacteria-mediated, yeast-
mediated, efc. [79-85]. Nanoparticle production by a biogenic
process are more advanced than those produced by chemical
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methods in different aspects [86]. Most researchers focused
on producing metal oxide nanoparticles using the biogenic
processes as it is quicker, cheaper, sustainable and without
effecting humans [87].

Plant extract: The particular phytosubstances found in
plant components like leaves, stems, roots, fruits and seeds
are used for synthesis of ZnO NPs (Table-2) [6]. The phyto-
chemicals secreted by various plants are utilized to convert metal
ions to zero valence metal nanoparticles [88,89]. In recent years,
ZnO NPs synthesis by a variety of organically recyclable resi-
dues from food, such as fruit flesh and rind and also waste from
agriculture, such as fruit peel, bran from rice, bran from sorghum,
bran from wheat, maize cob, etc. have been deployed as green
sources [90-92]. Singh et al. [93] used watermelon rind, a typi-
cally agricultural waste, to produce flower-shaped ZnO NPs.
Large number of phytochemicals like carotenoids, alkaloids,
flavonoids, proteins, pectin, saponins, citrulline and cellulose
are present in watermelon rind and may serve as a reducing
agent for the production of ZnO NPs. Abdelmigid et al. [94]
generate ZnO NPs using Punica granatum peel and coffee
ground extracts. Coffee ground extracts and punica peel are
efficient green ZnO NPs reducers with less cytotoxicity on
Vero cells than chemical ZnO NPs.

Microorganisms: Nanoparticles fabrication from micro-
organisms like bacteria and fungi is increased due to the relative
ease of handling and genetic manipulation (Table-3). Bacteria
have few amounts of organic functional groups that can reduce
Zn** ions [124,125]. Examples of Gram-positive and Gram-
negative bacteria utilized in the biosynthesis of ZnO NPs are
Rhodococcus pyridinivorans [126] and Serratia ureilytica [127]
respectively. However, nanoparticles synthesis by micro-
organisms is challenging due to the time-consuming method
of keeping cell cultures, cellular synthesis and numerous proce-
ssing stages. Raliya et al. [128] utilized Bacillus licheniformis,
a pathogenic bacteria, to produce ZnO NPs. These nanoflower-
shaped ZnO have high efficiency of degradation for methylene
blue dye. Fungi are widely suggested for the extracellular syn-
thesis of ZnO NPs because of their high yield rate, simple down-
stream treatment and competitive prices [124]. Due to their
higher tolerance levels and greater metal bioaccumulation,
various fungi are preferred compared to bacteria [129]. Broadly,
Aspergillus species and Candida albicans fungi [130] were
utilized to produce ZnO NPs and most of these nanoparticles
were reported to be spherical in shape. Actinomycetes are less
utilized microorganisms for producing metal nanoparticles
[131]. On the other hand, Actinomycetes appear to be viable
candidates for the intracellular and extracellular synthesis of
metal nanoparticles [132]. Actinomycetes generate nanopar-
ticles with high polydispersity, stability and high biocidal
activity against a wide range of diseases [133,134].

Algae: Algae from Sargassaceae family like Sargassum
muticum and S. myriocystum are also exploited for ZnO NPs
synthesis. Nanoparticles synthesized from Sargassum muticum
were investigated with the help of XRD and FESEM [139].
ZnO NPs derived from S. myriocystum were compared using
DLS and AFM techniques, which revealed distinct range of
size as well as the presence of carbonyl and hydroxyl stretching

in nanoparticles with a wide range of shapes like spherical,
radial, triangle, hexagonal and rod [140] (Table-4).

Applications of ZnO NPs: ZnO NPs are prioritized among
many different metal oxide nanoparticles because of their diverse
applications, which include different types of sensors, cosmetics,
solar cells, tyre industry, ceramics, paints, storage, agriculture,
water treatment and pharmaceuticals. In order to emphasize
their outstanding findings and act as a roadmap for future re-
searchers, several applications of ZnO NPs have been thoroughly
investigated and presented under the following sub-headings.

Photocatalysis: During this process, the surface of the
catalyst undergoes oxidation or reduction processes, resulting
in the generation of an electron-hole pair that emits light with
reduced intensity. Organic pollutants can be oxidized either
directly by a photogenerated hole or indirectly by a reaction
with distinctive reactive groups, like hydroxyl radical formed
in solution as a result of a photocatalyst [141]. Alvi et al. [142]
used hydrothermal procedure to fabricate ZnO nano chips.
The obtained ZnO nanochips were efficient in degrading
crystal violet, which decayed entirely in 90 min. Suwanboon
et al. [143] synthesized ZnO by utilizing a surface-directing
agent in the form of tartaric acid through a simple precipitation
route. Under the visible light, methylene blue degradation
efficiencies with the help of ZnO photocatalyst fabricated with
a TA/Zn(NO;), mol ratio of 0, 1, 2 and 5 were 42, 37, 72 and
98%, respectively. The methylene blue degradation results were
improved by surface irradiation to 81, 74, 100 and 100%,
accordingly. The photocatalytic activity was enhanced by UV
irradiation because ZnO has excellent UV light-absorbing
capabilities. Hypothesized effects of the synthesis variables
on cationic and anionic dye removal efficiency, point-of-zero
charges (pHz), hydrodynamic diameter (Dh), time, temperature
and concentration are the subject of an additional investigation.
The conditions of fabrication had a significant impact on the
removal efficiency [144].

Antimicrobial activity: The ability of ZnO to withstand
high temperatures and to be biocompatible has made it a well-
known antibacterial agent. ZnO NPs have been used in dental
composite resins for their antibacterial properties [145]. There
are two pathways that potentially explain the antibacterial effect
of zinc oxide. Damage to the bacterial cell wall is connected
with the second pathway, while the first pathway is associated
with the release of reactive oxygen species [146,147]. ZnO
has been applied as an antibacterial agent against various
bacterial strains (Escherichia coli, Salmonella enterica, Salmo-
nella paratyph, Staphylococcus aureus, Klebsiella pneumoniae,
Bacillus subtilis, Serratia marcescens, Proteus mirabilis and
Citrobacter freundii) and fungal strains (Aspergillus flavus,
Aspergillus nidulans, Trichoderma harzianum and Rhizopus
stolonifer) [147-152]. Chennimalai et al. [153] utilized green
path to fabricate the ZnO nanorods and studied antibacterial
efficiency. According to the findings of this study, antibacterial
capabilities of ZnO nanorods against Gram-positive bacterial
strain such as Staphylococcus aureus and Bacillus subtilis as
well as Gram-negative strains such as Salmonella paratyphi
and Escherichia coli were influenced by Ricinus communis
leaf extract. The antibacterial activity of ZnO NPs is caused
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TABLE-2
PLANTS BASED SYNTHESIS OF ZINC OXIDE NANOPARTICLES
Plant name Plant part used Reducing or functional group Size and shape Ref.
Conyza canadensis Leaves O-H, carbonyl Spherical [95]
Solanum tuberosum Potato extract - 20 + 1.2, hexagonal [96]
Solanum nigrum Leaf extract Carboxylate group, O-H and NH 2.07-2.20 spherical [97]
Coptidis rhizoma Dried rhizome Primary and secondary, amine, aromatic, aliphatic amine,  Spherical, rod-shaped, [98]
alcohol, carboxylic acid, alkyl, halide and alkynes 2.9-25.2
Azadirachta indica Fresh leaves Amine, alcohol, ketone, carboxylic acid Spherical, 18 [99]
Pongamia pinnata Fresh leaves O-H stretching, C=0, spreading carboxylic acid or their Spherical, hexagonal, [100]
ester, C-O-H bending mode nanorod, 26, 100
Ocimum basilicum Leaf extract - Hexagonal, 50, 14.28 [101]
Phyllanthus niruri Leaf extract O-H, C-H, C-O stretching, aromatic aldehyde Hexagonal wurtzite, [102]
quasi-spherical, 25.61
Agathosma betulina Dry leaves O-H of hydroxyl group, Zn-O stretching band Quasi-spherical, [103]
agglomerates, 12-26
Trifolium pratense Flower Hydroxyl, -C-O, -C-O-C, C=C stretching mode Spherical, 60-70 [104]
Anisochilus carnosus Leaf extract O-H of water, alcohol, phenol C-H of alkane, O-H of Hexagonal wurtzite, [105]
carboxylic acid, C=0 of the nitro group quasi-spherical, 30-40
E. crassipes Leaf extract - Spherical, 32-36 [106]
Rosa canina Fruit extract C-0 and C=0 of esters, hydroxyl, C-H stretching Spherical, 11.3-243 [107]
Solanum nigrum Leaf extract O-H, aldehydic C-H, amide III bands of protein, carboxyl = Waurtzite hexagonal, [108]
side group, C-N of amine, the carbonyl group quasi-spherical, 20-30
Aloe vera Freeze-dried - Spherical, hexagonal, [109]
leaf peel 25-65
Azadirachta indica Leaf Amide II was a stretching band, C-N stretching band of Spherical, 9.6-25.5 [110]
aliphatic, aromatic amide, an aliphatic amine, alcohol,
phenol, secondary amine, C-H of alkane and aromatics,
C=C-H of alkynes, C=0, C-C of an alkane
Moringa oleifera Leaf O-H, C-H of alkane, C=0 of alcohol, carboxylic acid Spherical and granular, [111]
16-24
Cocus nucifera Coconut water O-H of alcohol and a carboxylic acid, C=O of ketones, Spherical and [112]
C-N of aromatic and aliphatic amines hexagonal, 20-80
Gossypium Cellulosic fiber  O-H, [C=0, C-0O, C-O-C] (due to Zn precursor) Waurtzite, spherical, [113]
nanorod, 13
Parthenium Leaf extract N-H bending & N-H stretching mode, a phosphorus Spherical, hexagonal, [114]
hysterophorus compound, secondary sulfonamide, monosubstituted 22-35
alkyne, amine salt, vinyl cis-tri substituted
Azadirachta indica Fresh leaves O-H between H,0 And CO,, carbonate moieties Hexagonal disk, [115]
nanobuds, 9-40
Plectranthus amboinicus Leaf extract Zn-0O, C-0O of C-0O, -SO;, phosphorus compound Rod-shaped, 50-180 [116]
Calatropis gigantea Fresh leaves - Spherical, 30-50 [117]
Vitex negundo Flowers - Hexagonal, 10-130 [118]
S. album Leaves N-H stretching of amide II, carboxylate group, carbonyl ~ Nanorods, 70-140 [119]
stretching, O-H of alcohol
Vitex negundo Leaf OH, C-H, C=C stretching band Spherical, 38-80 [120]
Nephelium lappaceum Fruit peels O-H stretching, H-O-H Needle-shaped, 50.95 [121]
Aloe barbadensis Miller Leaf extract O-H of phenol, amines, O-H of alcohol and C-H of Spherical, oval, [122]
alkanes, the amide of protein and enzymes hexagonal, 8-20
Sphathodea campanulata  Leaf extract O-H stretching of polyphenols, nitrile group, C-H, C=0 Spherical, 30-50 [123]
group
Citrullus lanatus Rind C-N stretch, C-O and alkyl halides groups, COO group, Waurtzite structure, [93]
hydroxyl groups nanorods,
Punica granatum Fruit peel O-H stretch, C-C, methylene, C-N, C-O, alcohols, Hexagonal crystalline, [94]
extract ketones, polyphenols, phenols, amines, carboxylic acids 20-30
and alkenes
Coffea arabica Coftee ground O-H stretch, -COOH, -OH in phenols, C-O stretch, Hexagonal crystalline, [94]
extract carboxylic acids, phenols, polyphenols, amines, alcohols,  25.4-31.3

ketones and alkenes
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TABLE-3
MICROORGANISMS BASED SYNTHESIS OF ZINC OXIDE NANOPARTICLES
Microorganism name Reducing group Size (nm) Shape Ref.
Aeromonas hydrophila Phosphorus compound, vinyl, cis-trisubstituted, alkyne 42-64 Spherical, oval [83]
Lactobacillus sporogens - 5-15 Hexagonal [82]
Bacillus licheniformis O-H, N-H, -C-O 200 Nanaoflowers [128]
Rhodococcus pyridinivorans Phosphorus compound, sulphornamide, alkyne, 100-130 Hexagonal phase, [126]
[-lactone, amine salt, alkane, benezene roughly spherical
Pseudomonas aeruginosa O-H, -CH, ester carbonyl group 27-81 Spherical [80]
Serratia ureilytica - 170-600 Spherical to flower-like [127]
Candida albicans - 25 Quasi-spherical [130]
Aspergillus strain - 15-120 Spherical [135]
Aspergillus fumigates - 3.8 Nearly spherical [136]
Aspergillus terreus C-N, C-O, aromatic nitro compound, alkyl, amide 54.8-82.6 Spherical [137]
Alternaria tenuissima Zinc sulphate hepta hydrate 15.45 Spherical [138]
TABLE-4
ALGAE-BASED SYNTHESIS OF ZINC OXIDE NANOPARTICLES
Algae name Reducing group e Shape Ref.
(nm)
Sargassum muticum Sulfate group, C-O, C-O-SO; &-OH group, sulfated polysaccharides  30-57 Spheres [139]
S. myriocystum O-H and C O stretching band, carboxylic acid 19-37 Varied [140]
Chlamydomonas reinhardtii  C=0, N-H, C=0 stretch of zinc acetate, C-O-C of polysaccharide 55-80  Nanorod, nanoflower [79]

by the reaction of ZnO with the cell surface, which can alter
permeability of the cell membrane. The nanoparticles then
enter the bacterial cell and cause oxidative stress in bacterial
cells, inhibiting cell growth and even causing cell death [154].
This activity of nanoparticles suggests the reason of using ZnO
NPs in the food industry to preserve food from microbes and
to maintain various machineries [155].

Cancer treatment: Recent studies showed that ZnO NPs
had higher selectivity for cancer cells than the therapeutic dire-
ctories of some commonly utilized chemotherapy drugs [156].
The random activity, which usually causes toxic effects and
serious health impacts in the normal tissues of humans, limits
the maximum permissible dose of chemotherapeutic drugs
[129]. The improved permeability and retention effect occurs
when the size of nanoparticles improves its entry inside tumour
cells. The utilization of the enhanced permeability and retention
(EPR) effect in therapeutic strategies is presently considered
to be ideal for the exploration of novel anticancer drugs [130].
It is possible for nanoparticles of a certain size to easily enter
the tumour interstitial space while being passively held by this
localized imbalance, increasing the therapeutic potential. Recent
studies have demonstrated the value of ZnO NPs encapsulated
in polymethyl methacrylate for identifying the low-abundance
biomarkers [131].

Agriculture sector: Agriculture is the heart of nations
having developing economies. It is dealing with several concerns
including runoff, pesticide accumulation, fertilizers, climate
variability, urban development, sustainable natural resource
management and the population, which is constantly increasing
and also anticipated to increase significantly in future. As a
result, we need to implement the effective practices to make
agriculture more sustainable [13]. Nanotechnological appro-
aches are changing agriculture and food production in a variety

of ways and found very efficient in reducing the fertilizers
and pesticides effects. So, it improves overall cropgrowth and
enhances grain production [157]. Nano fertilizers supply plants
with nutrients and can help the soil recover. These are more
efficient than the typical plant nutrients. They can replenish
the organic conditions of the soil without having any adverse
effects from chemical fertilizers. Nanopowders have also been
used successfully as fertilizers and pesticides and also in the
wheat seedlings the yield increased by 20-25% on average
[158].

Plant growth: Various researchers have demonstrated that
metal based nanoparticles can accumulate in edible parts of
plants [9], may either decrease or increase crop yield and
productivity [159] and may occasionally harm the microbial
communities and activity of the soil [157]. ZnO NPs exhibit
the potential to germinate seeds and promote plant growth at
different phases of development and their antibacterial effect
also reduces disease infection. At different developmental
stages, ZnO NPs have beneficial and harmful impacts on the
plant development and numerous metabolic function. ZnO NPs
characteristics influence their absorption, diffusion and
accumulation by plants [12,160]. Currently scientific research
is focused on studying the impact of ZnO nanoparticles on
different plant types [161]. When ZnO NPs were applied to
ryegrass, the biomass reduced dramatically, the root tips
shortened and the root epidermal cortical cells became widely
vacuolated. Individual ZnO NPs were identified in the root
endodermis and stele of wheat subjected to ZnO NPs [162,
163].

Heavy metal stress: Pollution is the primary source of
heavy metals and their occurrence has a severe impact on
nutrition, evolution and the environment [164-167]. Risks
associated with heavy metal contamination include food safety,
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soil pollution, quality and other problems [168-171]. Heavy
metals negatively affect living organisms, including plants
[172,173]. Heavy metals restrict plant growth and development
also at low levels when compared to other metals [174,175].
Zinc oxide nanoparticles has unique electrical and optical
properties that make them suitable for use as coatings to remove
harmful pollutants like heavy metals [157]. However, Ma et
al. [176] observed that the metabolic processes of some higher
plants are affected by metallic nanoparticles which results
in negative impacts on vegetative growth, physiological
functions, root development, plant maturity and chlorophyll
levels.

Rubber industry: The majority of ZnO is utilized in the
rubber industry to produce various crosslinked rubber products
[177]. Pure silicone rubber has poor thermal conductivity,
although, it is possible to enhance it by using thermal conduc-
tivity fillers such as inorganic particles, metal oxides and metal
powders. Several thermally conductive powders like ALOs,
MgO, ALLN3, SiO,, ZnO and others, may better the thermal
conductive nature of silicone rubber despite conserving its
resistance to electricity, making them interesting choices for
improved engineering materials.

Textile industry: The textile sector has immense commer-
cialization capability for nanotechnological goods. Zinc oxide
is not only biocompatible for use in textiles, but ZnO coatings
also exhibit superior air permeability and are more efficient in
blocking UV radiation compared to bulk forms of ZnO [178].
Huang et al. [179] investigated the antibacterial properties and
UV resistance of ZnO NPs materials to provide a framework
for using ZnO NPs in the textile industry.

Miscellaneous applications: ZnO is applied as compound
for gas sensing applications because of its great sensitivity,
low price, long operating period and simple structure [180]. It
has been employed to identify organic volatiles such as methanol,
ethanol, aniline, benzene, triethanolamine (TEA) [59,181],
formaldehyde [182] and acetone [183]. In addition, also empl-
oyed as an optical detector for metal ions like Ag* and Li*[184].
ZnO is available in various morphologies, biocompatible, cost
effective and can be used for various biological operations
like drug delivery and bioimaging [185,186]. ZnO quantum
dots (size ranging 2-10 nm) were also employed towards cell
labelling and tumour therapy because of their particular elect-
ronic characteristics. Eventually, ZnO nanowires are naturally
fluorescent and can be used for targeted imaging of cancer cells
[187]. In order to convert different organic molecules, ZnO
has been utilized as a heterogeneous catalyst that is affordable,
functional, widely accessible, safe and reusable [188,189]. ZnO
is also capable of being applied in solid oxide fuel cells as an
electrolyte. ZnO NPs are also utilized in sunscreens and cosm-
etics because of their capacity to absorb UV radiation and photo-
stability [190]. ZnO has been declared safe for use in industries
that deal with food by the Food and Drug Administration [63].

Conclusion and future prospective

This review provides the valuable insights and develop-
ments into the formation of ZnO nanoparticles, which will help
to enhance its properties to make it fit for its specific applica-

tions like cancer therapy, biosensors, rubber, textile industries
and agriculture. In past years, research has mainly focused on
finding environmental friendly methods to synthesize nano-
particles. Green sources operate as stabilizers and reducers to
obtain nanoparticles of desired morphology. Long-term pros-
pects for plant-mediated nanoparticles synthesis include deve-
loping the experimental investigations for the commercial
production, employing bioinformatics tools to explain phyto-
chemicals participating in nanoparticles production and under-
standing the specific mechanism responsible for different appli-
cations. There is an anticipation that the increasing prevalence
of ZnO nanoparticles will give rise to innovative concepts
regarding their potential applications.
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