#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue,

REVIEW

ZnO nanostructured materials and their potential

i") Check for updates‘
applications: progress, challenges and perspectives

Cite this: Nanoscale Adv., 2022, 4,
1868 _ .
Sauvik Raha and Md. Ahmaruzzaman @

Extensive research in nanotechnology has been conducted to investigate new behaviours and properties of
materials with nanoscale dimensions. ZnO NPs owing to their distinct physical and chemical properties have
gained considerable importance and are hence investigated to a detailed degree for exploitation of these
properties. This communication, at the outset, elaborates the various chemical methods of preparation
of ZnO NPs, viz.,, the mechanochemical process, controlled precipitation, sol-gel method, vapour
transport method, solvothermal and hydrothermal methods, and methods using emulsion and micro-
emulsion environments. The paper further describes the green methods employing the use of plant
extracts, in particular, for the synthesis of ZnO NPs. The modifications of ZnO with organic (carboxylic
acid, silanes) and inorganic (metal oxides) compounds and polymer matrices have then been described.
The multitudinous applications of ZnO NPs across a variety of fields such as the rubber industry,

pharmaceutical industry, cosmetics, textile industry, opto-electronics and agriculture have been
Received 22nd December 2021 . . . . . . -
Accepted 7th March 2022 presented. Elaborative narratives on the photocatalytic and a variety of biomedical applications of ZnO
have also been included. The ecotoxic impacts of ZnO NPs have additionally been briefly highlighted.

DOI: 10.1039/d1na00880c Finally, efforts have been made to examine the current challenges and future scope of the synthetic
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1. Introduction

Found in the Earth's crust as the mineral zincite, ZnO appears
as a white powder and is nearly insoluble in water. Zinc oxide is
the second most abundant metal oxide after iron. It is inex-
pensive and safe, and can be prepared easily. The ZnO powder
has been widely used as an additive in a plethora of materials
and products including ceramics, glass, cement, rubber, lubri-
cants, paints, ointments, adhesives, plastics, sealants,
pigments, foods, batteries, ferrites and fire retardants. ZnO can
assume three possible polymorphs, rock salt, wurtzite and zinc
blende. The rock salt polymorph exists under conditions of high
pressure and is therefore very rare. At ambient pressure and
temperature, ZnO has a hexagonal wurtzite crystal structure
with two lattice parameters, a and ¢, with values of 0.3296 nm
and 0.52065 nm, respectively. In hexagonal wurtzite, 0>~ ions
occupy the hexagonal close packing (hcp) array of lattice sites
while Zn>* ions place themselves in alternate tetrahedral holes
in contrast with the zinc blende structure wherein O ions
form a cubic close packing (ccp) array with Zn>" ions occupying
tetrahedral voids. ZnO has a wide band gap of ~3.37 eV and
a large exciton binding energy of 60 meV. The physical and
chemical behaviors of zinc oxide nanoparticles are simply tuned
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modes and applications of ZnO NPs.

by changing the morphology using various synthesis routes and
different materials.

ZnO has a slew of unique chemical and physical properties,
viz., high chemical stability, high electrochemical coupling
coefficient, broad range of radiation absorption and high pho-
tostability, which make it among all metal oxides a key tech-
nological material and confer upon it its wide applications in
varied fields. ZnO is categorized as a group II-VI semiconductor
in materials science because zinc belongs to the 2™ group while
oxygen belongs to the 6™ group of the periodic table. Its cova-
lence is on the borderline demarcating ionic and covalent
semiconductors. Besides, it has good transparency, high elec-
tron mobility, an outsized exciton binding energy (60 meV),
wide band gap (3.37 eV)," strong room temperature lumines-
cence, high thermal and mechanical stability at room temper-
ature, broad range of radiation absorption and high
photostability that make ZnO the most favorite multitasking
material.>*>>° As a result of its distinctive optical and electrical
properties* it is considered to be a possible material in elec-
tronic applications, optoelectronic applications and laser tech-
nology. ZnO among nano-sized metal oxides has also been
further extensively exploited to derive possible benefits from its
antimicrobial and antitumor activities.” Because of its blocking
and absorbing capabilities ZnO finds inclusion in some
cosmetic lotions.? ZnO can also be used in human medicine as
an astringent (for wound healing), and to treat hemorrhoids,
eczema and excoriation.” ZnO nanoparticles have recently
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attracted attention owing to their unique features. There are
numerous promising applications of ZnO nanoparticles in
veterinary science due to their wound healing, antibacterial,
antineoplastic and antigenic properties. Recently, many
research studies and experimental analyses have improved the
efficiency of zinc oxide (ZnO) materials by producing nano-
structures where each nano-dimension is reduced to generate
nanowires, thin films and other structures for plenty of appli-
cations including defense against intracellular pathogens and
brain tumors.” One-dimensional structures include nano-
rods,'"** nanoneedles,' nanohelixes, nanosprings, nanorings,"
nanoribbons,* nanotubes,'**® nanobelts," nanowires and
nanocombs.*® Nanoplates/nanosheets and nanopellets*»*® are
their two-dimensional forms while flowers, dandelions, snow-
flakes, coniferous urchin-like structures, etc.?* count as the
three-dimensional morphologies of ZnO nanoparticles. Never-
theless, the challenges in terms of the potential toxic effects of
ZnO nanoparticles do require special attention.

20-22

2. Chemical methods for synthesis of
zinc oxide nanoparticles

A range of precursors and a variety of conditions such as
temperature, time, concentration of reactants and so forth can
be employed for the chemical synthesis of ZnO nanoparticles.
These chemical techniques by virtue of adjustment of the
various aforesaid parameters allow better control of
morphology in terms of size and geometry. ZnO NPs can be
chemically synthesized using the following techniques: the
mechanochemical process, controlled precipitation, sol-gel
method, vapour transport method, solvothermal and hydro-
thermal methods, and methods using emulsion and micro-
emulsion environments (Fig. 1). The details giving the gist of
the various aforementioned strategies are presented in Table 1.
The detailed synthesis conditions, experimental variables, main
mechanisms, properties and applications are highlighted
(Table 1). The different chemical methods used for the
synthesis of ZnO NPs are enumerated below.

2.1 Mechanochemical process

In the mechanochemical process the starting materials are
subjected to a high-energy dry milling which sets off a reaction
by way of ball-powder impacts in a ball mill, at a low temper-
ature. A diluent, often the by-product of the reaction (salt viz.
NaCl), accompanies the starting materials during the proce-
dure.**** The diluent functions as a reaction medium and
effects separation of the nanoparticles thereby restricting their
subsequent growth. This in turn prevents serious agglomera-
tion. The starting materials conventionally used in this method
are mainly anhydrous ZnCl,, Na,CO; and NaCl. The following
reactions take place during the procedure:

ZnCl, + Na,CO; — Zn CO;3; + 2NaCl

ZI’ICO3 — 7ZnO + C02

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Ao et al* carried out a mechanochemical process of
synthesizing ZnO NPs by exploiting the reaction between ZnCl,
and Na,CO; and using NaCl as a diluent.*” The pure nano-
crystalline ZnO was obtained by removing the by-product NaCl
and finally drying in a vacuum. TEM images showed moderately
aggregated ZnO nanoparticles of size less than 100 nm which
were prepared by a 6 h milling followed by a thermal treatment
at 600 °C for 2 h. The effect of milling time and annealing was
carefully investigated in the study. A decrease in nanocrystallite
size from 25 nm to 21.5 nm was observed as the milling time
increased from 2 to 6 h after which it attained steadiness. This
phenomenon was chalked up to a critical effect prevailing in the
course of milling. The crystal size, however, was found to
increase with temperature with the rise being steep after 600 °C.
The activation energies for nanocrystallite growth in different
temperature ranges were calculated using the Scott equation.
The activation energy was found to be 3.99 for growth in
between 400 and 600 °C while it reached 20.75 k] mol " beyond
600 °C. The higher growth rate at higher temperatures was thus
attributed to extensive interfacial reactions driven by greater
activation energy.

A reduction in particle size on prolonging the milling time
was reported by Stankovi¢ et al.** in their work of preparing ZnO
NPs using ZnCl, and oxalic acid as starting materials. Their
scheme involved milling the powders of starting materials in
a Retsch PM4 planetary ball mill using a ball-to-powder weight
ratio of 10:1. Different intervals of time were chosen for
milling to investigate the influence of milling time on particle
size. Pastes of zinc oxalate thus obtained were then air dried at
100 °C for 1 h and then subjected to thermal decomposition at
450 °C to obtain ZnO NPs.

ZHCIZ + H2C204'2H20 - ZHCZO4‘2H20 + 2HCI

ZnC,04:2H,0 + 0.50, — ZnO + 2H,0 + 2CO,

While the XRD analysis substantiated a perfect long-range
order and a pure wurtzite structure of the synthesized ZnO
powders regardless of the milling time, Raman spectroscopy
revealed that lattice defects and impurities were introduced into
ZnO powders at the middle-range scale depending on milling
duration. Extended milling was found to reduce crystal defects
but introduce impurities. The SEM images suggested that the
milling duration of the reactant mixture positively regulated the
morphology of the particles irrespective of the additional
thermal treatment.

ZnO NPs were also prepared through a mechanochemical
method by using ZnCl,, NaCl and Na,CO; as starting mate-
rials.** A solid phase reaction triggered by milling the starting
powders led to the isolation of ZnCO; in the NaCl matrix. The
ZnCO; was finally subjected to a thermal treatment at 400 °C
which induced its decomposition to ZnO. The anatomization of
TEM results indicated a mean particle size of 26.2 nm. The
mean nanocrystallite size evaluated from the XRD peak width at
260 = 36° using the Scherrer equation was found to be 28.7 nm.
Meanwhile, the surface area of the ZnO nanopowder evaluated
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Fig. 1 Various strategies for the fabrication of ZnO NPs.

from BET analysis was 47.3 m> g~ ' corresponding to a spherical
particle size of 27 nm.

Another study on the optical properties of ZnO NPs synthe-
sized through mechanochemical means and using ZnCl,, NaCl
and Na,CO; as raw materials was conducted by Moballegh
et al.*® The XRD and TEM results revealed that particle size
increased with calcination temperature. The work proposed
improved optical properties as a result of the decrease in
particle size owing to the enhanced ratio of surface to volume in
ZnO NPs. In another study®® a mixture of starting powders
(anhydrous ZnCl,, Na,CO; and NaCl) was milled at 250 rpm and
then calcined at 450 °C for 0.5 h to yield ZnO NPs with a crys-
tallite size of 28.5 nm as estimated from subsequent XRD
analysis. The particle size that emerged from TEM and SEM
analysis ranged in between 20 and 30 nm. The incongruent
particle size estimated from BET analysis was ascribed to an
agglomeration of nanoparticles in the course of drying.

The foremost shortcoming of the procedure exists in its
fundamental difficulty encountered in the homogeneous
grinding of the powder and controlled minimization of the
particles to the required size. Note that the particle size reduces
with increasing time and intensity of milling. However, if the
powder is subjected to milling for longer periods of time, the
chances of contamination increase. A highly shrunk size of
nanoparticles is the prime advantage that can be extracted from
the method apart from the benefit of a significantly low cost of
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precipitation

Zn0
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—

generation coupled with diminished agglomeration of particles
and pronouncedly homogeneous crystallite morphology and
architecture. The mechanochemical process is particularly
desirable for large-scale production of ZnO NPs.

2.2 Controlled precipitation

Controlled precipitation is often resorted to when the idea is to
set off a large-scale generation of nanoparticles in the powder
form with reproducible properties for their use as industrial
products. The method involves two stages: (a) precipitation of
a precursor of ZnO from the solution, and (b) thermal treatment
of this precursor with subsequent milling to induce physical
disintegration of the calcined agglomerates and to get rid of
impurities. Various methods may be employed for precipitation
of ZnO by exercising control over a range of limiting factors that
include reaction temperature, pH conditions, duration of
precipitation and the medium used for washing. Using ZnSO,
and NH,OH, Sadraei*” prepared nano-ZnO flakes. Nano-sized
ZnO flakes as confirmed by SEM analysis were eventually ach-
ieved. XRD analysis of the flakes revealed the hexagonal struc-
ture of ZnO flakes with high crystallinity and a diameter of
30 nm.

Kumar et al.*® used zinc acetate (Zn(OAc),-2H,0) and NaOH
as reagents, and the settled white powder was separated fol-
lowed by washing with deionized water thrice and dried over-
night under dust-free conditions at room temperature. XRD

© 2022 The Author(s). Published by the Royal Society of Chemistry
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revealed the formation of hexagonal ZnO nanostructures. SEM
and TEM analyses revealed the formation of crystalline ZnO
flowers in which a bunch of ZnO nanorods assembled together
to form a leaf-like structure followed by flower-shaped ZnO
nanostructures. The ZnO nanoflowers were each formed by the
combination of 8-10 leaf-like petals as shown. The length of
each petal did not exceed 800 nm. The as-synthesized ZnO
nanostructures showed good antimicrobial activity towards
Gram-positive bacteria Staphylococcus aureus as well as Gram-
negative bacteria Escherichia coli with a MIC/MBC of
25 mg L', Zn(CH;CO0),-2H,0 and (NH,),CO; were employed
as reagents by Hong et al.* in their method of synthesizing ZnO
NPs. XRD and TEM tests revealed particle sizes of 40 and 30 nm.
Heterogeneous azeotropic distillation thoroughly prevents
agglomeration and reduces the size of ZnO NPs.

Raoufi et al.* used the aqueous solutions of Zn(NO;), and
(NH,4),CO; as reagents in their experiments. The precursors
were synthesized by adding Zn(NOj3), solution in a drop-wise
manner into (NH,),CO; solution under stirring. The molar
ratio of Zn(NOj), to (NH,),CO; was maintained at 1: 1.5. The
precipitate obtained was filtered. It was further repeatedly
washed with deionized water and ethanol. Subsequently, it was
subjected to drying at 100 °C for 6 h. The precursor was
annealed at temperatures ranging in between 250 and 550 °C
for 4 h to obtain ZnO NPs. XRD analysis demonstrated an
enhancement in crystallinity with a rise in annealing tempera-
ture. Using the Scherrer equation, the crystallite size was
however found to increase from 8.34 to 27.58 nm as the
annealing temperature was increased from 250 to 550 °C. The
mean crystallite size obtained from BET study also confirmed
an increase from 8.60 to 42.51 nm upon an increase in
annealing temperature from 250 to 550 °C. The conspicuous
incongruence of crystallite size caused agglomeration with
a rise in temperature due to the increased growth rate.

In the precipitation method of synthesizing nanopowders, it
is more or less a ritual these days to use surfactants that would
enable control over the growth of particles with the simulta-
neous prevention of coagulation and flocculation of particles
thereby preventing an appreciable reduction in the final yield.
The surfactants act as chelates encapsulating the metal ions in
an aqueous medium. Wang et al.** used ZnCl, and NH,OH and
a cationic surfactant, CTAB (cetyltrimethyl-ammonium
bromide), for the generation of ZnO NPs. The formation of
sharply crystalline ZnO NPs with a wurtzite structure and crys-
tallite size of 40.4 nm was confirmed by XRD data, while TEM
examination of the powder bore out the formation of spherical
nanoparticles of size 50 nm.

Nano-sized crystals of ZnO possessing a wide variety of
shapes were generated using Zn(NOj3),-6H,0 and NaOH by Li
et al.** with sodium dodecyl sulfate (SDS) and triethanolamine
(TEA) as cationic surfactants. These surfactants were found to
exert great influences on the shape and size of the ZnO NPs.
Heating a Zn(OH), precursor in H,O solvent at 101 °C for 4 h
gave rod-like ZnO crystals, with diameters ranging from 400 to
500 nm and an average length of about 3.6 mm (aspect ratio
8:1). When 0.01 M SDS was added into the reaction solution
(keeping the other conditions identical), nut-like ZnO crystals
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with a twin structure were obtained. The diameter of the
hexagonal cross-section ranged from 1.2 to 1.5 mm, and the
aspect ratio was a little smaller than 1: 1. A new well-defined
rice-like morphology of ZnO appeared when 0.1 M TEA
replaced 0.01 M SDS in the reaction solution. The diameters of
the particles were similar to those of nut-like ZnO crystals, while
the aspect ratio was slightly larger than 1 : 1. The precipitation
method is an unsophisticated method. High quality of
production typifies the method. The method further has the
advantage of being monetarily cheap with high production
yield.

2.3 Sol-gel method

The synthesis of ZnO NPs by the sol-gel method has recently
gained widespread use. Its ease, effortlessness, soundness,
repeatability and relatively mild conditions have resulted in its
extensive use in the generation of metal-oxide nanoparticles.
This method facilitates the surface modification of zinc oxide
with selected organic substances, thereby altering its traits and
attributes and expanding its realm of applications.

Suwanboon et al.** using Zn(CH;COO),-2H,0, polyvinyl
pyrrolidone (PVP) and NaOH prepared nano-structured ZnO
crystallites via the sol-gel method. The XRD characterization
revealed a wurtzite structure having an average crystallite size of
about 45 nm. The role of PVP at its different concentrations on
the morphology was checked. There occurred a shift from
a platelet-like to a rod shape with an increase in PVP concen-
tration. TEM images bore out the grain size of platelet-like ZnO
to be 150 nm while the diameter of the rod-shaped ZnO was
likewise determined to be 100 nm. In another sol-gel method-
based synthesis by Benhebal et al.** zinc acetate dihydrate and
oxalic acid were used to generate ZnO nanopowder with ethanol
as a solvent which showed a hexagonal wurtzite structure. The
crystallite size obtained from the Scherrer equation was found
to be 20 nm. The SEM micrograph confirmed the formation of
uniform, spherically shaped ZnO nanoparticles. BET analysis
revealed a surface area of 10 m* g~ . This was characteristic of
a material with low porosity, or a crystallized material.

Sharma*® obtained ZnO NPs with outstanding antibacterial
properties using the sol-gel method. Zinc acetate, oxalic acid
and water were employed as raw materials in this process. A
white gel precipitate was first obtained. It was then thermally
treated at 87 °C for 5 h, and then at 600 °C for 2 h. The ZnO NPs
exhibited high crystallinity as borne out by XRD data. A diam-
eter of 2 um was obtained for the ZnO nano-aggregates from
SEM analysis.

In a study conducted by Ristic et al.*® nano-structured ZnO
crystallites were obtained using the sol-gel route. From XRD
examination and using the Scherrer formula, the average value
of the basal diameter of the cylinder-shaped crystallites was
found to be 25-30 nm, while the height of the crystallites was
35-45 nm. The sol-gel method presents a host of advantages in
comparison with the previously mentioned methods. Prime
amongst its merits are the low cost of the apparatus and raw
materials, reproducibility and flexibility of generating
nanoparticles.”
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2.4 Vapour transport method

In this process, zinc and oxygen or oxygen mixture vapours are
transported and are allowed to react with each other resulting in
the formation of ZnO nanoparticles. The vapour transport
method has been emphasized because of the easy control of
thicknesses, morphologies and crystal structures of ZnO films
and nanostructures by varying the precursor gas, substrate
temperature and substrate materials.”® Kong and Wang*® re-
ported free-standing ZnO nanobelts that grew along the g-axis,
and their large top and bottom surfaces were the polar (0001)
facets. The structurally controlled, high-purity and high-yield
ZnO nanobelts were synthesized by a solid-vapor process.
SEM and TEM analyses show that the product has a belt shape
with widths of 10-60 nm, thickness of 5-20 nm and lengths up
to several hundreds of micrometers. The dominant component
of the as-synthesized sample is nanobelts with a uniform size
distribution, but a significant number of nanobelts have a ring
shape, which has not been found for single crystal nanobelts or
nanowires of any other materials.

ZnO nanoparticles were also prepared on Au-coated Si
substrates by Wu et al.*® using water vapour and oxygen gas. The
advantage of using a Au catalyst is the fast growth rate of the
oxide material because of the catalytic effect of Au, but the main
disadvantage is the remains of the Au catalyst, which may
influence the purity of the ZnO nanostructures. Au covered Si
substrates were prepared by depositing a 200 nm thick layer of
Au film on cleaned Si(100) wafers using radio frequency sput-
tering (JC500-3/D) from an Au target. The synthesis procedure
included the following steps: (a) flowing Ar gas through the
quartz tube for 0.5 h to remove the air in it; (b) increasing the
furnace temperature to 800 °C with the Ar gas flow; (c) main-
taining the temperature at 800 °C for 1 h and replacing the Ar
flow by a mixture of either Ar/H,O vapour or Ar/O, gas. The
pressure of the quartz tube is maintained at 0.03-0.05 MPa; (d)
switching off the furnace and cooling down the sample to RT at
a rate of 7 °C per minute. The reactions of metallic Zn with H,O
vapour and O, gas can be written, respectively, as follows:

Zn + H,O — ZnO + H,

2Zn + O, — 2Zn0O

In water vapour, ZnO nanoflowers were synthesized. The
nanoflowers were constructed from tens of ZnO nanosheets
with random orientations. In oxygen gas, ZnO hexagonal
nanorods were obtained. The size of the nanorods was not
uniform. It was argued that the size of the Au catalyst under-
neath might have influenced the size of the ZnO nanorods. Both
the samples, however, exhibited a hexagonal wurtzite structure.
Though the samples showed different morphologies and crystal
structures, surprisingly, they had almost the same optical
properties. The PL spectra revealed only one UV peak close to
389 nm wavelength for both samples, indicating the high
quality of the synthesized ZnO samples.

Novel one-dimensional single-crystalline ZnO nanorod and
nanoneedle arrays on a Cu catalyst layer-coated glass substrate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were investigated by Alsultany et al.>® via a simple physical
vapour deposition method by thermal evaporation of Zn powder
in the presence of O, gas. The ZnO nanorods and nanoneedles
were synthesized along the c-axis growth direction of the
hexagonal crystal structure. The diameter and growth rate of the
high-quality and well oriented one-dimensional ZnO nano-
structures were achieved as a function of varying growth
temperature and growth time. At 450 °C, ZnO nanorods were
uniformly distributed at a high density on the entire substrate
surface and quasi-aligned, and small average diameters were
obtained. The diameters and lengths of the obtained nanorods
were in the range of 19-27 nm and 2.8 um, respectively. When
the temperature was increased to 550 °C, ZnO nanorods grew
perpendicular to the substrate, uniformly throughout their
length, and with more consistent shape and dimensions, with
approximately 85 nm width and 3.8 pm length. The morpho-
logical change and distribution occurred at a growth tempera-
ture of 650 °C, and ZnO nanorods with a hexagonal shape at the
tips of rods of hexagonal hierarchical structures were formed.
These rods possessed a typical hierarchical structure with
lengths and diameters of approximately 190-350 nm and 3.9
um, respectively, whereas short nanorods with a diameter of
95 nm and length of 900 nm were observed on the tip of each
rod of hexagonal hierarchical structures. As Cu metal catalysts
were used in the study, the growth mechanism of 1D ZnO
nanostructures presented therein followed the VLS method.
This method could be divided into three stages, as follows: first,
the Zn vapor and catalytic Cu formed liquid alloy droplets
during the heating process at a certain temperature, repre-
senting the initial stage of the nucleation process. Second,
crystal nucleation occurred upon gaseous species adsorption
until supersaturation was reached, and the formed sites served
as nucleation sites on the substrate. Finally, the axial growth of
the nanorods began from these sites. Based on this study of the
mechanism in the presence of Cu metal catalysts at different
growth temperatures and according to the nucleation theory of
the VLS growth mechanism, the Cu catalyst nanoclusters
formed because of capillarity, which caused beading of the Cu
layer at high growth temperature. Consequently, the Cu-Zn
alloy process reached a certain solubility depending on the
temperature; then, the Zn vapor began to precipitate out at the
interface between the surface and droplet. That in turn deter-
mined the diameter and size of the nanostructures depending
on the size of the liquid alloy droplets. Notably, large-scale ZnO
nanorods with a lower diameter were formed at a low growth
temperature of 450 °C. The Zn metal powder (melting point of
419 °C) vapor pressure at 450 °C was sufficiently high to
investigate the growth of ZnO nanorods on the glass substrate
via the VLS method, and the decrease in Zn vapor as a result of
the decrease in the growth temperature led to a low lateral
growth rate compared with the axial growth rate of the 1D
nanostructure. In contrast, the higher growth temperature
could also lead to the formation of hierarchical nanostructures.
In addition, at high growth temperature along with the
consumption of the Zn vapor during growth, the diameter of the
nanorods markedly decreased. This condition consequently
caused the production of rods with a typical hierarchical
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structure. At a growth time of 30 min, ZnO nanorods were ob-
tained with a diameter of 19-27 nm and a length of 2.8 um.
When the growth time increased to 45 min, nanoneedles were
obtained. The needles exhibited mean diameters of 65-190 nm
and length of 3.2 pm. On the other hand, nanoneedles grown at
60 min were approximately 80-250 nm in diameter and 3.8 pm
in length.

Diep and Armani** designed a flexible light-emitting nano-
composite based on ZnO nanotetrapods (NTPs) which they
prepared using a vapour transport technique. The CVT
synthesis of the ZnO NTPs was self-catalyzed. In the TEM
images, the lattice fringes were clearly visible, indicating the
single-crystalline nature of the nanostructures. The lattice
spacing was found to be 2.6 A, indicating growth in the [0001]
direction. X-ray diffraction (XRD) and energy-dispersive X-ray
spectroscopy (EDX) analysis were also performed to confirm
the crystal structure and elemental composition of the NTPs.
Based on an analysis of the TEM and SEM images, the ZnO NTP
arm lengths ranged from 0.5 um to 3.5 pm and the diameters
varied from 120 nm to 350 nm.

Luo et al® also constructed ZnO tetrapods as potential
electrode materials for low-cost and effective electrochemical
supercapacitors using an oxidative-metal-vapor-transport
method. The SEM images of the ZnO tetrapods collected at
different temperatures showed that the products obtained were
pure and uniform, and the tetrapods consist of four arms
branching from one center, and the angles between the arms
were nearly the same, analogous to the spatial structure of the
methane molecule. As for the size variation with collected
temperatures, it transpired that smaller size tetrapods were
obtained with lower evaporation temperature. This demon-
strated the power of the technique for controlling the size of the
tetrapods. ZnO tetrapods with arms as thin as about 170 nm
and shorter than 4000 nm were revealed by SEM analysis. The
XRD pattern of the ZnO tetrapods showed that all the diffraction
peaks could be indexed to a wurtzite 5 structure with lattice
constants of a = 0.324 nm and ¢ = 0.519 nm. The TEM and high
resolution TEM (HRTEM) images of the ZnO tetrapods revealed
that the arm diameter and length of the tetrapods are, on
average, about 22 nm and 90 nm, respectively. The HRTEM
image of a single arm revealed clear fringes perpendicular to the
arm axis and these fringes were spaced by about 0.25 nm
consistent with the interplanar spacing of (0002) suggesting
that the nanowire growth direction was along [0001].

2.5 Hydrothermal method

The hydrothermal method is a technique often used for the easy
generation of nanoparticles. This method of chemical synthesis
bears an inherently favourable attribute of being harmless to the
environment. Conventionally, the method involves the use of an
autoclave. The substrates in the form of a mixture are placed
within the autoclave and then subjected to a gradual heating up
to a temperature of 100-300 °C. The heating continues over
a specific period of time and cooling then follows. This causes the
formation of crystal nuclei followed by nuclei growth.
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A1 : 2 mixture of ZnCl, and NaOH in an aqueous medium was
employed by Chen et al.** A white Zn(OH), precipitate was formed
and hydrothermal treatment yielded ZnO NPs. XRD and TEM
tests were conducted to ascertain the average size and
morphology of the ZnO NPs so formed. Two factors, namely
temperature and reaction time, were found to exert great effects
on the size and architecture of ZnO NPs. On increasing the
temperature, the particle morphology was found to change from
rod-like to polyhedra. Further in the study, it was also revealed
that different templates cast varying influences on the size and
morphology of the nanostructured particles. Furthermore,
a noticeable rise in crystallinity and lengthening of particle size
with pH were recorded as a shortcoming of the procedure.

Aneesh et al.** carried out an experiment in which they used
Zn(CH3COO0),-2H,0, NaOH and methanol as reagents. The ZnO
NPs thus formed had a hexagonal wurtzite structure. XRD
analysis demonstrated an enhancement in average grain size
with rising temperature and concentration of the substrates.
The average grain size of ZnO NPs prepared from 0.3 M NaOH
employing a growth time of 6 h was found to increase from 7 to
16 nm with temperature rise from 100 to 200 °C. The average
grain size of ZnO synthesized at 200 °C for 12 h revealed an
increase from 12 to 24 nm with elevation in concentration of
NaOH from 0.2 M to 0.5 M.

This process has many advantages over other methods.
Organic solvents do not find use in this process. This coupled
with the omission of supplementary processes like grinding and
calcination within the ambit of the method endows it with the
much sought after eco-friendly character. Low operating
temperatures, the diversified morphologies and sizes of the
resulting nano-crystals depending on the composition of the
starting mixture and the process temperature and pressure, the
greatly pronounced crystallinity of the nanoparticles and their
high purity are factors that surely make the process more
advantageous than others.>**®

2.6 Solvothermal method

The prime objective of using the solvothermal technique of
generating a wide range of nano-structured metal oxides is to
achieve enormous surface area, marked crystallinity and great
thermal stability. Thermal decomposition of an organometallic
compound in an organic medium forms the basis of this proce-
dure. A solvothermal method was adopted by Segovia et al.*® to
fabricate ZnO NPs. The work resulted in the production of ZnO
with a range of morphologies — nanoneedles, nanorods and
nanowires - obtained under different solvothermal conditions.
ZnSO,4, NaOH, Na,CO; and stearic acid were employed as
chemical reagents while ethanol-water mixtures were used as
solvents. Constant agitation of the reaction mixture consisting of
ZnS0O,4, Na,CO; and NaOH at 60 °C yielded the ZnO precursor.
XRD data revealed the formation of the ZnO wurtzite phase.
Estimation of particle size using the Scherrer formula approach
indicated an average grain diameter of 27 nm. With ZnO nano-
particles as precursors and 180 °C thermal treatment carried out
for 72 h, nanoneedles having a diameter of 450-900 nm, length of
8-20 nm and aspect ratio of 0.05 were formed. With ZnO
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nanoparticles and stearic acid as precursors and 180 °C thermal
treatment carried out for 168 h, nanorods having a diameter of
40-160 nm, length of 5-8 nm and aspect ratio of 0.014 were
formed. With the ZnO(stearic acid),;3 nanocomposite as
a precursor and 180 °C thermal treatment carried out for 168 h,
nanowires having a diameter of 30-50 nm, length of 0.8-1 nm
and aspect ratio of 0.04 were formed.

Chen et al.*” also used a solvothermal route to generate ZnO
NPs. They eventually prepared nano-structured ZnO crystals that
were devoid of hydroxyl groups. They carried out a reaction of
zinc powder with trimethylamine N-oxide (Me;N—O) and 4-
picoline N-oxide (4-pic —NO). The medium for the reaction was
a mixture of organic solvents (toluene, ethylenediamine (EDA)
and N,N,N',N'-tetramethylenediamine (TMEDA)) contained in an
autoclave which was kept at 180 °C. It was observed that the size
and morphology of the ZnO nanoparticles/nanowires were
greatly influenced by the oxidants used and the ligating capac-
ities of the solvents. The ramifications of the presence of water in
the system were additionally investigated. It emerged that the
presence of traces of water catalyzed the zinc/4-picN — O reaction
and exerted an effect on the size of the nano-structured ZnO
crystallites thus obtained. Depending on the reaction conditions,
the ZnO nanostructures had diameters ranging in between 24
and 185 nm. The solvothermal synthesis method has many
advantages. Foremost among them is the fact that reactions can
be carried out under determined conditions. As a result, nano-
structured ZnO with a range of architectures can be generated
by exercising due control over the reaction conditions.

2.7 Method using an emulsion or microemulsion
environment

Emulsion techniques have recently gained extensive use in
preparing ZnO nanoparticles. Vorobyova et al.*® employed an
emulsion to precipitate ZnO by allowing zinc oleate (mixed in
decane) to react with sodium hydroxide (mixed in ethanol or
water). The following reaction illustrates the entire process:

7Zn(C7H33COO0), (decane) + 2 NaOH — ZnO (water and
ethanol) + H20 + 2NaC17H33COO

SEM and XRD analysis showed that the particle size and
phase location were both dependent upon the conditions (ratio
of two-phase components, substrates and temperature)
employed for the accomplishment of the process. Depending on
the process conditions, ZnO NPs with different particle
morphologies were obtained. The morphologies that formed
during the process included spherical agglomerates, needle
shapes, near-hexagonal shapes, near-spherical shapes and
irregular agglomerates. These NPs further had a wide range of
diameters. Some had diameters ranging in between 2 and 10
um, while the diameters of others ranged from 90 to 600 nm,
some others had diameters in between 100 and 230 nm and yet
others were characterized by diameters hovering around
150 nm.

Kolodziejczak-Radzimska et al.>® used zinc acetate and KOH
or NaOH in an emulsion system. For the generation of an
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emulsion, cyclohexane was utilized. Cyclohexane was held to
have furnished a ready organic phase, and also essayed the role
of a surfactant that wasn't ionic. In this method for emulsion
formation cyclohexane was used as an organic phase, and
nonylphenyl polyoxyethylene glycol ethers NP3 and NP6 were
used as a mixture of emulsifiers. By tailoring the ZnO precipi-
tation process by way of altering the precipitating agent,
substrate ingredients and the tempo of substrate dosing, an
amazing variety of ZnO nanostructures were designed. Four
samples were obtained, labelled Z1, Z2, Z3, and Z4, composed of
particles of different shapes. Morphologies such as solids (Z1),
ellipsoids (Z2), rods (Z3) and flakes (Z4) with modal diameters
of ~396 nm, ~396 nm, ~1110 nm and ~615 nm were obtained.
They were further characterized by their considerable surface
areas. Values of §m® ¢~ ', 10.6 m*g ', 12m* g ' and 23 m* g *
could be respectively assigned to samples Z1, Z2, Z3, and Z4.

If a surfactant possessing balanced hydrophilic and lipo-
philic properties is used in the right proportion, a different oil
and water system will be produced. The system remains an
emulsion, but exhibits some characteristics that are different
from emulsions. These new systems are “microemulsions”. The
drop size in a microemulsion is significantly smaller than in an
emulsion, and lies in the range 0.0015-0.15 um.*>** In contrast
to emulsions, microemulsions form spontaneously under
appropriate conditions. This synthesis method does not require
any complex preparation procedure, sophisticated equipment
or rigorous experimental conditions, but still provides possi-
bilities in controlling the size and morphology of the ZnO
powders in a size scale approaching nanometers. Even though
the productyield is low, the narrow size distribution due to well-
dispersed cage-like small reactors (5-100 nm) formed under
uniform nucleation conditions is the superior aspect of the ZnO
nanoparticles obtained by microemulsion routes. Such low-
dimensional uniform ZnO nanostructures offering size and
morphology dependent tunable electrical and optical properties
are of particular technological interest for applications such as
quantum dots, UV-emission optoelectronic and lasing devices,
and transparent conducting thin films.

Li et al.®® prepared ZnO NPs by a facile process based on
microemulsion. The synthesized ZnO NPs were marked by
a wide range of morphologies and further exhibited significant
optical properties. The microemulsion (ME) was generated by
using a solution of heptane and hexanol in the mole ratio 3 : 1
as the oil phase and polyoxyethylene tert-octylphenyl ether
(Triton X-100) as nonionic surfactant. A definite amount of
Triton X-100 was put in the oil phase, and the mixture was
subjected to stirring for a while up until the mixture became
transparent. Thus, a microemulsion (ME) consisting of 0.20 M
Triton X-100 in the oil phase was prepared. The next step
entailed the preparation of two microemulsion solutions,
namely ME-1 and ME-2, containing different reactants. 3 mL of
a 0.25 M Zn(NOs), aqueous solution having various concentra-
tions of PEG400 additive was added to 30 mL ME. This micro-
emulsion solution was named ME-1. Likewise, ME-2 was
obtained by adding 3 mL of a 0.5 M NaOH aqueous solution to
30 mL ME. Next, ME-1 was first added to ME-2 in a slow manner
with constant stirring. This in turn resulted in a mixture that
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was subjected to hydrothermal treatment at 140 °C for 15 h in
a 100 mL Teflon-lined autoclave. The autoclave was then left to
cool down to room temperature by itself. Collection of precipi-
tates was done by way of their centrifugation at 5000 rpm. This
was followed by washing and then drying in air at 60 °C. XRD
peaks confirmed the hexagonal wurtzite structure of the
prepared ZnO NPs. The marked crystallinity of the nano-
particles was figured out from the sharpness of the diffraction
peaks. The crystallite size was found to decrease from 40 to
27 nm with a rise in the concentration of PEG400 additive from
zero to 50.0% in Zn(NO;), aqueous solution exhibiting the
regulatory influence of microemulsions as well as the PEG400
additive on the nucleation and growth of ZnO NPs and their end
architecture. TEM analysis further revealed that the
morphology of the ZnO NPs underwent an alteration from
needle-like to columnar and finally to spherical as the PEG400
concentration rose from zero to 50.0%.

Yildirim and Durucan® also synthesized ZnO NPs through
the use of microemulsions. They made an endeavour to reshape
the microemulsion modus operandi with an eye to generate
monodisperse ZnO nanostructures. They subjected the zinc
complex precipitate obtained in the course of the micro-
emulsion method to thermal decomposition. Subsequent
calcination was adopted. The use of glycerol as the internal
phase of a reverse microemulsion imparted the intended
modification. The synthesized ZnO NPs had spherical shapes.
They were monodisperse and their diameter measured in
between 15 and 24 nm.

All the procedures involving chemical synthesis of ZnO NPs
generate a few toxic chemicals and their adsorption on the
surface increases the likelihood of harmful effects being wiel-
ded in medical applications. Further, these approaches include
reactions requiring high temperature and intense pressure for
their commencement while some reactions require operations
in an inert atmosphere or under inert conditions. Toxic mate-
rials such as metallic precursors, toxic templates and capping
agents and even H,S find application in quite a few chemical
routes.* Very often toxic substances are employed for the
generation of nano-structured particles and for their stabiliza-
tion as well. This in turn produces secondary products and
residues that are detrimental to the ecosystem.*>*¢

3. Green methods for the synthesis of
ZnO nanoparticles

The usual procedures adopting the chemical routes are costly.
They often involve the use of chemical substances as reducing
agents and these substances more often than not turn out to be
toxic.®” Green routes of synthesis of nanoparticles cut down the
risk of pollution at the originary level. These procedures lay
greater focus on prevention of generation of wastes than their
treatment or removal after they are formed. The principle
emphasizes upon the choice of reagents which are eco-friendly.
Thus, eco-friendly chemicals and safe solvents such as water are
used alongside gentle natural extracts in such procedures.
Although chemical methods are quick and easier for the
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generation of nanoparticles the biogenic techniques are supe-
rior and eco-friendly.**”® Biogenic routes involving the use of
extracts generated from microorganisms and plants have thus
been preferred over chemical procedures of fabricating ZnO
NPs. Besides, ZnO NPs obtained by way of green methods
demonstrate pronounced biocidal activity against a host of
pathogens in comparison with chemically generated ZnO NPs.”™*
Bio-inspired procedures of nanoparticle generation have of late
been observed to employ systems including bacteria, yeast and
other types of fungi.”” Nevertheless, a greatly detailed procedure
of maintaining cell cultures and intracellular synthesis causes
inevitable complications in the use of microorganisms in the
generation of nanoparticles while numerous purification
measures additionally increase the difficulty. Table 2 is a brief
presentation of the various methods adopted by researchers to
fabricate ZnO nanostructures using green routes. The detailed

synthesis conditions, experimental variables, surface
morphology, mechanisms and applications are discussed
(Table 2).

An extract prepared from Ajwain (Carom-Trachyspermum
ammi) seeds has also been used to synthesize ZnO NPs.” The
work boasts of its operation under ambient temperature
conditions. The ZnO NPs were found to have a wurtzite struc-
ture. The synthesized ZnO nanostructures were morphologi-
cally characterized by FE-SEM images. The ZnO nanostructure
showed uniform hexagonal plates, as well as irregular and
highly aggregated nanoparticles with a rough surface. The
average diameter of the nano-sized ZnO clusters has been
observed to be ~41 nm. XRD results showed an increase in
interplanar spacing with an increase in the extract volume from
0.2474 nm to 0.2765 nm with a simultaneous decrease in crys-
tallite size from 39.51 nm to 28.112 nm. The band gap also fell
from 3.592 eV to 3.383 eV as the amount of extract increased.
Phytoconstituents in the extract thus evidently played a key role
of reductants and furthermore acted as capping agents in the
generation and stabilization of ZnO NPs.

Jamdagni et al.” used an aqueous flower extract of Nyc-
tanthes arbortristis for making ZnO NPs. The starting materials
consisted of zinc acetate dihydrate and sodium hydroxide. XRD
results showed an average crystallite size of 16.58 nm while TEM
analysis revealed that the individual particle size ranged within
12-32 nm and the nanoparticles were obtained in the form of
aggregates. In a very recent study,” Ulva lactuca seaweed extract
was used to prepare ZnO nanoparticles. XRD analysis revealed
strong characteristic peaks of ZnO suggesting high crystallinity
of the synthesized material. Further, the average crystallite size
thus calculated was found to range in between 5 and 15 nm.
TEM micrographs revealed an agglomeration of asymmetrically
shaped NPs bearing an average crystallite size of 15 nm.

Muraya koenigii seed extract was also recently reported to
have been used as a stabilizer as well as a reductant in the
preparation of ZnO NPs.”* Sharp diffraction peaks in XRD
results indicated remarkable crystallinity of the NPs whose
average crystallite size was calculated to be 70-100 nm. Both
SEM and TEM micrographs revealed nanoparticles with an
average size of about 100 nm and bearing a wide range of
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morphologies - spherical, triangular, radial, hexagonal, rod-like
and rectangle-shaped.

One recent experiment used Calotropis procera leaf extract
and Zn(NO3),-6H,0 to synthesize ZnO NPs.”” An XRD test
confirmed a hexagonal wurtzite structure of the nanoparticles
with marked crystallinity. The average crystallite size was
calculated using the Scherrer equation and found to be 24 nm.
Diffuse Reflectance Spectroscopy (DRS) revealed a band gap of
3.1 eV for the synthesized nanoparticles. In the FT-IR analysis of
the synthesized ZnO NPs, a peak attributed to the metal-oxygen
bond of ZnO appeared in between 500 and 700 cm ™. Further,
a conspicuous shift and broadening of peaks corresponding to
functional groups like hydroxyl, aldehyde, amine, ketone, and
carboxylic acid suggests their participation in the stabilization
of ZnO by the extract. Surface attachment of groups like alde-
hyde, amine, phenol and terpenoid enhances stabilization
additionally allowing the extract to function as a bio-template
thereby preventing aggregation of ZnO NPs. TEM images
revealed an average particle size of 15-25 nm, while SAED and
HR-TEM further confirmed the high crystallinity of the material
prepared.

The effects of Artocarpus heterophyllus leaf extract and
varying temperatures on the morphology and properties of the
ZnO NPs thus prepared were studied by Vidya C. et al.”® XRD
results show an increase in crystallinity and average crystallite
size with temperature, the diffraction peaks being increasingly
sharper and narrower with temperature. The particles were all
spherical and a grain size of 50 nm was obtained from SEM
images. SEM analysis also shows similar trends of size and
morphology upon temperature variation. TEM analysis revealed
a particle size of ~10-15 nm at 400 °C, ~15-25 nm at 600 °C and
~25-30 nm at 800 °C. This further corroborated the results of
XRD and SEM tests. Diffuse Reflectance Spectroscopy (DRS)
showed a decrease in the calculated band gaps with increasing
calcination temperatures.

Archana et al.”” used Moringa oleifera natural extract and
Zn(NO3),-6H,0 for the preparation of ZnO NPs. They took
different volumes of the extract, viz. 2, 6, 10 and 14 mL, to
prepare ZnO NPs which were accordingly labeled ZnO-2, ZnO-6,
ZnO-10 and ZnO-14. The PXRD results of all the samples
showed great crystallinity. They had a hexagonal wurtzite
structure. And the average crystallite size was found to be
21.6 nm. Field Emission Scanning Electron Microscopy (FE-
SEM) analysis showed highly crystalline ZnO-10 and ZnO-14
having a spherical shape and average crystallite size of 20-
150 nm. HR-TEM micrographs revealed d-spacing of 0.28 and
0.19 nm for the (001) and (101) planes of wurtzite ZnO. The
band gaps calculated using the results from Diffuse Reflectance
Spectroscopy (DRS) had values of 2.92 eV for ZnO-2, 3.05 eV for
7Zn0-6, 3.12 eV for ZnO-10 and 3.10 eV for ZnO-14. The increase
in band gap with the amount of fuel was attributed to quantum
size effects.

In their research work, Rajeswari Rathnasamy et al.”® used
papaya leaf extract for the synthesis of ZnO NPs. Both FESEM
and TEM data revealed an average size of ~50 nm for the
individual nanoparticles. The extract of Nephelium lappaceum L.
(rambutan) peels (a natural ligation agent) was put into use for
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the preparation of ZnO NPs in another investigation.” The bio-
mediated ZnO NPs were found to be spherical in shape. They
were characterized by diameters between 20 and 50 nm. Some
of the particles were found in agglomerated form. After a day,
multi-dimensional chain-like structures formed. In these
chains spherical nanoparticles were found intertwined to each
other.

An investigation conducted by Matinise et al.* used Moringa
oleifera extract as a remarkably operative chelating agent to
prepare ZnO nanoparticles. The ZnO NPs eventually obtained
were characterized by a particle size in between 12.27 and
30.51 nm. The sample obtained just after drying at 100 °C
consisted of agglomerates of spherical particles while that ob-
tained after annealing at 500 °C also had nanorods in addition
to the clusters of spherical nanostructures.

The biocomponents of leaves of Catharanthus roseus have
also been utilized to prepare ZnO NPs with zinc acetate and
sodium hydroxide as reagents.** SEM micrographs revealed that
in addition to the individual ZnO-NPs, aggregates were also
formed and they were spherical with diameter ranging from 23
to 57 nm. Sharp and clear XRD peaks confirmed high purity and
excellent crystallinity. Shah et al.** generated ZnO NPs using the
aqueous extract of green tea (Camellia sinensis) leaves. The size
of the particles was determined using a particle size analyzer.
The average diameter of the particles was found to be 853 nm.
These nano-sized ZnO particles demonstrated remarkable
antimicrobial properties against Gram-positive and Gram-
negative bacteria as well as against a fungal strain.

In another experiment, 50 mL of aqueous Citrus aurantifolia
extract was boiled to 60-80 °C.* It was followed by the addition
of a specific amount (5 g) of Zn(NOs), to the solution as its
temperature rose to 60 °C. The synthesized nanoparticles were
characterized by moderate stability. They had near-spherical
shapes with the most probable particle size in the range of 9-
10 nm. The extract of Oryza sativa rice®* was also used to
generate ZnO NPs. The extract has been considered a renewable
bio-resource. Its abundance adds to its list of merits. The extract
has also been cited as a source of bio-template that typically
assists the generation of a variety of multifunctional nano-
structured materials. ZnO NPs were prepared using the hydro-
thermal method. The method involved the use of zinc acetate,
sodium hydroxide, and uncooked rice flour at several ratios at
120 °C for 18 h. The rice bio-template was found to exert
considerable influences upon the size and morphology of ZnO
NPs. Fig. 2 shows field emission scanning electron microscopy
(FESEM) images of the samples synthesized at different
concentrations of uncooked rice (UR). To investigate the effects
of raw rice on the resulting ZnO morphology, FESEM was con-
ducted on ZnO synthesized without UR (Fig. 2a and b). As seen
in Fig. 2c and d, the ZnO structures were mostly flake-like
structures assembling together. They were much more
ordered in contrast to the one synthesized without UR (as
a control) (Fig. 2a and b). The diameter of ZnO flakes dramati-
cally decreased after adding 0.25 g UR. This was proposed to
have occurred due to the inhibition of lateral growth of ZnO
crystals. It was further proposed that the accessibility of the zinc
ions to the ZnO crystal seeds was controlled by a bio-template.
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However, the size of particles seemed to increase when the
synthesis was done using 0.25 g UR. Different morphologies of
the as-synthesized ZnO were observed with increasing the
amount of uncooked rice to 0.5 g. Particles with a very small
flower-like shape could be observed (Fig. 2e and f). A lower
magnification FESEM image indicated that the mentioned
structure showed denticulated petals aggregated and form
larger flowers of particles. Notably the size of the ZnO particles
had been obviously decreased for the sample prepared using
0.5 g UR. In addition, the tooth-like flakes were more dominant
for the ZnO sample prepared using 0.5 g UR compared to the
one synthesized using 0.25 g UR. Fig. 1g and h indicate the
FESEM images of the ZnO sample synthesized using 1 g UR. A
very unique star-like structure could be clearly observed at low
to high magnification. The star-like structure contained small
flakes with denticulated edges which attach to other similar
flakes in the center. A closer look showed that the lateral flake
acted as a substrate for other flakes to grow on the surface and
form a star-like structure. It was therefore argued that the
branched pattern for soft templates of starch revealed that the
semicrystalline granules of starch were made from concentric
rings in which the amylose and amylopectin basic components
were aligned perpendicularly to the growth rings and to the
granule surface. Fig. 2g and h show that the size of the star-like
ZnO particles decreased in comparison with the previous lower
amount of uncooked rice. In the case of ZnO crystals synthe-
sized at 2 g UR, increasing the amount of bio-template resulted
in different morphologies of ZnO particles being produced. It
formed lots of agglomerated toothed-edge flakes which became
a secondary unit for larger particles. The star-like shape of the
particles could be perceived in some areas but aggregation
seemed to be dominant and prevented clearer observation of
the particles as they really are. Fig. 2k and 1 show the FESEM
images of the as-synthesized ZnO particles synthesized using
4 g UR. The ZnO morphology changed to flower-like structures,
mostly rose-like shapes. A detailed view of the flower-like
particles revealed that their flakes had the largest diameter
compared to other samples. In the case of ZnO synthesized
using 8 g UR, a new morphology, different from other and
control samples, was observed. The ZnO crystals appear mostly
as rods with around 100 nm size. Moreover, agglomerated
without any specific shape, particles coexisted with nanorods in
the structure of ZnO synthesized using 8 g UR. Fig. 3 shows the
particle size distribution of the ZnO samples synthesized using
0.25, 0.5, 1, 2, 4, and 8 g UR. The particle size distribution of
ZnO synthesized without rice is also given for comparison. As
shown in Fig. 3, the range of particle size for ZnO synthesized
without UR lies between 200 and 800 nm. When 0.25 g UR was
used in the synthesis, the size of particles increased dramati-
cally to 800-2000 nm. Notably the size of ZnO synthesized using
0.5 g UR considerably decreased to the 200-1000 nm range. The
decreasing trend continued for the sample synthesized using
1 g UR and with a size range of 250-700 nm. Although this
distribution was quite similar to that of ZnO synthesized
without a bio-template, it was slightly narrower. On the basis of
the particle size distribution for the samples synthesized using
2 and 4 g UR, it could be clearly observed that the size of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 FESEM images of ZnO prepared using different concentrations of uncooked rice (g): 0 (@and b), 0.25 (cand d), 0.5 (e and f), 1 (gand h), 2 (i
and j), 4 (k and l), and 8 (m and n) (reproduced from ref. 84 with permission from Springer).

particles decreased to 200-700 nm and 150-700 nm, respec- 100 nm. As mentioned in the growth mechanism suggested by
tively. In the case of the ZnO sample synthesized using 8 g UR, the study, adding a bio-template, which presumably acts as
the size of particles was within the nano regime, between 40 and a flocculant, forces aggregation. Therefore, the surface-active
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Fig. 3 Particle size distribution of ZnO samples synthesized using
various concentrations of UR (g); 0, 0.25, 0.5, 1, 2, 4, and 8 (w/w%)
(reproduced from ref. 84 with permission from Springer).

sites of the template might influence the size and state of
aggregation during the particle growth process and ultimately
the resulting ZnO particle size distribution. Another procedure
used the aqueous leaf extract of Passiflora caerulea. L. (Passi-
floraceae).®* The SEM analysis revealed that the ZnO NPs had
diameters ranging in between 30 and 50 nm.

Sucrose was used in a study as the capping agent to
synthesize a ZnO/C nanocomposite adapting the sol-gel
method.*® The presence of carbon in the prepared ZnO/C was
confirmed through EDAX. SEM images of the ZnO/C samples
indicate a wide distribution of particles ranging from 10 to
100 nm and exhibit only an irregular granular feature. This kind
of surface morphology was argued to be more suitable for
supercapacitor electrode materials. Electrochemical investiga-
tions of the ZnO/C electrode were carried out using cyclic vol-
tammetry, galvanostatic charge-discharge, and electrochemical
impedance spectroscopy. The ZnO/C electrode exhibits
a maximum specific capacitance of 820 F g~' at a constant
specific current of 1 A g~'. The symmetric aqueous super-
capacitor device exhibits a specific cell capacitance of 92 Fg ' at
a specific current of 2.5 A g~'. The aqueous symmetric super-
capacitor device achieved an energy density of 32.61 W h kg ™"
and a power density of approximately 1 kW kg™ ' at a discharge
current of 1.0 A g . It has been found that the cells have an
excellent electrochemical reversibility (92% after 400
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continuous cycles) and capacitive characteristics in 1 M Na,SO,
electrolyte.

Zinc oxide (ZnO) nanoparticles were successfully synthesized
using a whey-assisted sol-gel method.*” X-ray diffraction (XRD)
and Raman spectroscopy analysis revealed a wurtzite crystalline
structure for ZnO nanoparticles with no impurities present.
Transmission electron microscopy (TEM), XRD observations,
and UV-vis absorption spectroscopy results showed that with an
increase in calcination temperature from 400 to 1000 °C, the
size of the spherical nanoparticles increased from 18.3 to
88.6 nm, while their optical band gap energy decreased to
~3.25 eV. The whey-assisted sol-gel method proved to be highly
efficient for the synthesis of crystalline ZnO nanoparticles
whose applications are of great interest in materials science
technology. Eryngium foetidum L. leaf extract was also used for
the nontoxic, cost-effective biosynthesis of ZnO nanoparticles
(NPs) following the hydrothermal route.*® The biosynthesized
ZnO NPs served as an excellent antibacterial agent against
pathogenic bacteria like Escherichia coli, Pseudomonas aerugi-
nosa, Staphylococcus aureus susp. aureus and Streptococcus
pneumoniae. The maximum zone of inhibition in ZnO NPs is
32.23 £ 0.62 and 28.77 £ 1.30 mm for P. aeruginosa and E. coli,
respectively.

Another report presented an efficient, environmentally
friendly, and simple approach for the green synthesis of ZnO
nanoparticles (ZnO NPs) using orange fruit peel extract.®® The
approach aimed to both minimize the use of toxic chemicals in
nanoparticle fabrication and enhance the antibacterial activity
and biomedical applications of ZnO nanoparticles. The sample
obtained without annealing exhibited relatively small spherical
particles (10-20 nm) which were coagulated in large clusters on
a matrix of residual organic material from the reducing agents.
In the samples annealed at 400 °C and 700 °C, the particle sizes
were randomly distributed and ranged from 35 to 60 nm and 70
to 100 nm, respectively. For an annealing temperature of 900 °C,
the particle size increased intensively in the range of 200-
230 nm. It was thus found that the morphology and size of the
ZnO NPs depended on the annealing temperature. Specifically,
with increasing annealing temperature, the particle size tended
to increase and shape larger particles due to crystal growth. For
pH values of 4.0 and 6.0, the particles were sphere-like in shape,
and were distorted with distinct grain boundaries and low
coagulation. At pH = 6, the particle size was in the 10-20 nm
range and exhibited relative separation. Meanwhile, for a pH of
8.0, the particles had a variable shape and were coagulated in
large clusters around 400 nm in size with indistinct grain
boundaries. For a pH of 10.0, the particles were coagulated into
large blocks with lengths of ~370 nm and widths of ~160 nm.
The ZnO NPs exhibited strong antibacterial activity toward
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
without UV illumination at an NP concentration of 0.025 mg
mL ! after 8 h of incubation. In particular, the bactericidal
activity towards S. aureus varied extensively with the synthesis
parameters. This study presents an efficient green synthesis
route for ZnO NPs with a wide range of potential applications,
especially in the biomedical field.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Modification of zinc oxide
nanoparticles

The ultimate motive behind surface modification of ZnO
nanoparticles is to harness their high affinity for adhesion and
agglomeration through reduction of surface energy thereby
controlling their growth at the nano level. Modification of ZnO
has been carried out with different classes of modifiers, namely
inorganic compounds, organic compounds and polymer
matrices. Inorganic compounds like SiO,, Al,03, LiCoO,, metal
ions, etc. when used as modifiers brought about a change of
surface area or particle size, diminished the photocatalytic
efficiency of the metal oxide and improved the dispersion
degree of ZnO particles. Organic modifiers like silanes and
carboxylic acids made the following modifications: introduction
of characteristic groups on the surface of ZnO and alteration of
its physicochemical properties, increase in the compatibility of
ZnO with an organic matrix, reduced aggregation of particles
and enhanced long-term stability in an organic matrix and
improved ZnO dispersion in rubber mixtures. Modifiers such as
polyethylene glycol, polystyrene, poly(methyl methacrylate),
chitin, etc. improved the unique electrical, thermal and optical
properties of ZnO/polymer composites.

Cao et al.*® used silica and trimethyl siloxane (TMS) for
modifying ZnO in order to achieve a two-fold benefit: enhancing
the compatibility of ZnO and cutting down on its agglomeration
in the organic phase. A chemical precipitation method using
zinc sulfate heptahydrate (ZnSO,-7H,0), ammonium solution
(NH,OH) and ammonium bicarbonate (NH,HCO;) was adopted
to first obtain the precursor, zinc carbonate hydroxide (ZCH).
The surface of the ZCH was then successively modified by an in
situ method using TEOS and hexamethyldisilazane (HMDS) in
water. The functionalized ZHC was subjected to calcination, to
yield extremely fine nanoparticles of ZnO. Reduced agglomer-
ation was thereby effected through such functionalization of the
surfaces of ZnO NPs although a lowered photocatalytic activity
of the oxide was observed. Nevertheless, a marked increase in
the compatibility of ZnO with the organic matrix lent credence
to the method. Further, the greater shielding capacity of UV
radiation renders the synthesized nanomaterial an excellent
candidate for use in cosmetics. Below is a schematic represen-
tation (Fig. 4) of the synthesis of surface-modified ZnO ultrafine
particles using an in situ modification method.

Xia and Tang** also carried out modification of ZnO using
silica. They had a silica surface coated with ZnO either in the

Silica
modification

HMDS
modifi callon

Aggregatxon
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form of a thin layer or as nanoparticles depending on the
reaction parameters. ZnO clusters were generated using trie-
thanolamine (TEOH) on a silica surface having silanol (=Si-
OH) and siloxane (=Si-O-Si=) groups via a procedure of
controlled precipitation. TEOH was observed to play a dual role
in the synthesis. It first induced surface modification of silica by
getting adsorbed on the silica surface via a mechanism
involving the splitting of the siloxane and silanol networks and
then subsequently reacting with Zn(OAc), to form ZnO clusters
whose further growth on the silica surface is sustained via
ripening and aggregation. The attachment of ZnO on a larger
silica surface was argued to enable rapid collision with other
ZnO clusters leading to the significant growth of ZnO on the
silica surface.

Silica was also used by Hong et al.®> for the modification of
ZnO NPs. In a separate experiment they also used oleic acid as
the capping agent. A reaction between Zn(OAC),-2H,0 and
(NH,4),CO; produced the precursor that was then subjected to
a procedure culminating in calcination to get ZnO. Oleic acid
was then coated on one sample of ZnO while through a separate
pH controlled procedure silica was coated on another ZnO
sample using sodium silicate. The oleic acid coated ZnO
exhibited remarkable compatibility with the organic matrix.
The FTIR spectra revealed a chemical bond between the -OH
groups on the ZnO surface and the -COOH groups of the oleic
acid chains. The corresponding reaction is given below:

ZnO(OH), + yOHC(CH,);CH=CH(CH,),CH; —
ZnO(OH),_,[OOC(CH,),CHs], + yH,0

The FTIR spectra for the SiO,-modified ZnO revealed inter-
phase bonds between ZnO and SiO,. A thin film coating of SiO,
on the ZnO surface resulted in enhanced dispersion and
reduced agglomeration of nanoparticles, a fact fairly well
corroborated by HR-TEM data. The photocatalytic activity of
SiO,-modified ZnO however suffered a setback in comparison
with that demonstrated by uncoated ZnO. The work further
demonstrated that the thorough reduction of the crystallinity of
ZnO achieved through heterogeneous azeotropic distillation of
the zinc oxide precursor not only precludes aggregation but also
brings about a decline in the average particle size.

Yuan et al.”® modified ZnO using Al,O3. A basic carbonate of
zinc was obtained from the reaction between zinc sulfate and
ammonium bicarbonate followed by precipitating aluminum
hydroxide over it. The resulting compound-precipitate was then

HMDS
modlf cation

—

Fig. 4 Schematic representation of the synthesis of surface-modified ZnO ultrafine particles using an in situ modification method (reproduced

from ref. 89 with permission from Elsevier).
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calcined at 400-600 °C to obtain ZnO NPs coated with Al,O3. It
was discovered from TEM analysis that as the Al,Oj3-coating
content rose from 3 to 5%, agglomeration decreased signifi-
cantly and correspondingly the particle size decreased from an
average value of 100 nm to 30-80 nm. The coating thus designed
was 5 nm thick and was highly uniform. The coating-core
interphase possibly had the structure of ZnAl,0,. Zeta poten-
tial data clearly confirm modifications on the ZnO surface by
Al,O; deposition. The change in pH at the isoelectric point for
ZnO NPs upon coating with Al,O; from around 10 to a value of 6
might have assisted a greater degree of dispersion of ZnO NPs.

In a study by Hu et al.,** nano-sized ZnO rods doped with
transition metals such as Mn, Ni, Cu, and Co were designed by
a plasma enhanced chemical vapor deposition method. The
ZnO thus modified had a greater amount of crystal defects
within its structure. This led to its greater sensitivity towards
formaldehyde. When the 1.0 mol% Mn doped ZnO nanorods
were activated by 10 mol% CdO, a maximum sensing of
~25 ppm was obtained and the corresponding response and
recovery time were found to be appreciably short.

Wysokowski et al®® developed a B-chitin/ZnO nano-
composite material. The B-chitin used in the synthesis was
derived from Sepia officinalis, a cephalopod mollusk. This
nanocomposite was found to exhibit remarkable anti-bacterial
activity and was touted as an excellent ingredient for the
making of wound-dressing materials.

Ong et al.®*® in their work synthesized a heterogeneous pho-
tocatalytic material by loading ZnO on solvent exfoliated gra-
phene sheets. For anchoring ZnO onto the graphene sheet, they
used poly(vinyl pyrrolidone) as an inter-linker which was also
found to enhance the functionalization of the acid treated
graphene sheets. The thermal stability of the decorated ZnO was
found to be higher than that of the undecorated oxide. The
modified ZnO proved to be an outstanding photocatalyst being
able to cause 97% degradation of Reactive Black 5 under visible
light. This improvement was attributed to a host of favourable
parameters achieved through the modification, namely, an
enhancement of light absorption intensity, widening of the
light absorption range, suppression of charge carrier recombi-
nation, improvement of surface active sites and rise in the
chemical stability of the designed photocatalyst.

Tang et al.”” demonstrated a way to tackle the agglomeration
tendency of ZnO NPs. They prepared ZnO/polystyrene nano-
composites via a mini-emulsion polymerization method. For
this, a silane coupling agent, namely y-glycidoxypropyl trime-
thoxysilane (KH-560, AR), was first allowed to cling to ZnO NPs
via reaction between its Si-OCH; groups and the hydroxyl
groups on the surface of the nanoparticles followed by
anchoring of 4,4’-azobis(4-cyanovaleric acid) (ACVA) onto their
surface through reaction of its carboxyl groups with the
terminal epoxy groups of the aforementioned coupling agent.
Subsequently, polymerization of the styrene monomer was
initiated using the azo group of ACVA for designing the final
nanocomposites. The monomer droplet of the mini-emulsion
polymerization system thus obtained contained well dispersed
ZnO/polystyrene nanocomposites with a high grafting efficiency
of 85% as calculated from TGA. It was evident from scanning
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electron microscopy (SEM) that while pure ZnO NPs suffered
considerable agglomeration in poly(vinyl chloride) (PVC) film,
the ZnO/polystyrene nanocomposite particles underwent
homogeneous dispersion in the PVC matrix. The scheme
depicted in Fig. 5 explains the mechanism of the mini-emulsion
polymerization method to construct ZnO/polystyrene nano-
composites adopted by Tang and his research group. From SEM
micrographs (Fig. 5), it was observed that functionalized ZnO (f-
ZnO) nanoparticles had been well dispersed in the polymer
matrix because the f-ZnO nanofiller had outstanding adhesion
and strong interfacial bonding to PEA. As was observed, f-ZnO
nanoparticles were homogeneously dispersed in the polymer
matrix and their sizes were estimated to be between 20 and
50 nm.

Cyclodextrins (CDs) make up a class of cyclic torus-shaped
oligosaccharides. CD has a hydrophilic external surface and
a hydrophobic internal cavity. CDs have been extensively used
as eco-friendly coupling agents.®®*® Among the derivatives of
CDs, monochlorotriazinyl-B-cyclodextrin (MCT-B-CD) with
a monochlorotriazinyl group as a reactive anchor was found to
possess the ability to form covalent bonds with substituents of
the nucleophilic type, viz., -OH or -NH, groups.'®** Therefore,
MCT-B-CD provides an interesting way of surface modification
for inorganic nanomaterials. Abdolmaleki et al'** accom-
plished surface modification of ZnO NPs by covalently grafting
MCT-B-CD onto the surfaces of ZnO NPs through a facile and
single-step procedure. In the next step, f-ZnO nanoparticles
were employed for construction of a new series of poly(ester-
amide)/ZnO bionanocomposites (PEA/ZnO BNCs) whose TEM
image is shown in Fig. 6. MCT-B-CD has monochloro-triazinyl
groups that react with -OH groups on the surfaces of ZnO
NPs through nucleophilic reaction (Fig. 7). After the incorpo-
ration of MCT-B-CD on the surfaces of ZnO NPs, polymer/ZnO
bionanocomposites (BNCs) were designed using a biodegrad-
able amino acid containing poly(ester-amide) (PEA). ZnO NPs
with B-CD functional groups incorporated on their surfaces
exhibited a near-complete suppression of their tendencies
towards agglomeration while simultaneously displaying
enhanced compatibility with the polymer matrix. Scores of
functional groups on the surfaces of ZnO NPs enable possible
interactions with PEA chains that lead to excellent dispersion
and compatibility with the polymer matrix. FE-SEM and TEM
results bore out a reduction of agglomeration that can be safely
attributed to the steric hindrance induced by the organic chains
of MCT-B-CD between the inorganic nanoparticles. The dis-
persibility, surface morphology and particle dimensions of
functionalized ZnO (f-ZnO) with B-CD are shown in Fig. 8.

Farzi et al.'”® carried out surface modifications of ZnO with
oleic acid, trimethoxyvinyl silane and their different mixtures as
capping agents. The compatibility of ZnO with different organic
matrices was found to increase considerably. A greater degree of
dispersion of the inorganic nanoparticle was simultaneously
achieved. Modifications with trimethoxyvinyl silane were
however found to be more effective than those with oleic acid
clearly evident from the greater extent of compatibility with the
organic phase achieved using the former. Thus, different
combinations of these coupling agents were used to get a grip

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A schematic diagram showing the synthesis of ZnO/polystyrene nanocomposites by anchoring 4,4'-azobis(4-cyanovaleric acid) (ACVA)
onto the surface of ZnO nanoparticles to initiate styrene polymerization (reproduced from ref. 97 with permission from Elsevier).

on the hydrophobicity and the dispersion capacity of the inor-
ganic oxide in solvents that are polar to varied extents. Modifi-
cations with a 1 : 3 (by weight) mixture of trimethoxyvinyl silane
and oleic acid exhibited more efficient dispersion in the highly
hydrophobic styrene. Meanwhile, ZnO NPs modified witha1: 1
(by weight) mixture of trimethoxyvinyl silane and oleic acid

© 2022 The Author(s). Published by the Royal Society of Chemistry

dispersed more efficiently in the moderately hydrophobic
butylacrylate. Modifications attained by a 3:1 (by weight)
mixture of trimethoxyvinyl silane and oleic acid endowed the
nanoparticles with greater dispersion in the weakly hydro-
phobic methyl methacrylate. The magnitudes of grafting yield
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Fig. 6 FESEM of pure ZnO NPs (a) and grafted ZnO/polystyrene nanocomposite particles (b) dispersed in PVC matrices (reproduced from ref.

104 with permission from Elsevier).
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Fig. 7 Modification of ZnO nanoparticles with MCT-B-CD (repro-
duced from ref. 104 with permission from Elsevier).

and grafting density of both the coupling agents were also
found to be within an acceptable range.

1894 | Nanoscale Adv., 2022, 4, 1868-1925

5. Potential applications

Recent years have witnessed a sharp rise in focus on ZnO NPs in
the realm of research courtesy of their unique properties that
have been exploited to achieve a wide range of applications in
transparent electronics, ultraviolet (UV) light emitters, piezo-
electric devices, chemical sensors, opto-electronics, solar cells
and spin electronics.***'*” Being nontoxic, ZnO has of late found
extensive use as an excellent photocatalyst for the degradation
of a great many emerging organic pollutants. ZnO has also
attracted great interest as a raw material in the pharmaceutical
and cosmetic industries, as a pigment in the paint, concrete and
rubber industries, as a UV filter in products, the textile industry,
and medical and biological fields, and so on (Fig. 9). A few of
these applications of ZnO NPs have been presented below.

5.1 Concrete and rubber industries

In the rubber industry, ZnO is extensively used as an additive.
ZnO like a host of other metal oxides and inorganic substances
raises the thermal conductivity of silicone rubber when added
even in low proportions. This it does while retaining the high
electrical resistance of the silicone rubber. However, poor
dispersion of the nanoparticles in the polymer matrix owing to
feeble interactions between the surfaces of nanoparticles and
the polymer is one area that requires improvement and there-
fore has been extensively investigated. Agglomeration of ZnO
NPs bearing high surface energy has been reported.'®® This
necessitates surface modification of the filler ZnO NPs in order
to achieve simultaneous reduction in their agglomeration and
an improved degree of dispersion in the polymer matrix.'*”
Furthermore, ZnO is widely known to activate sulphur vulca-
nization via enhancement of the degree of cross-linking.
Therefore, the mechanical properties of silicone rubber are
found to improve as well when ZnO is incorporated into it as
a filler.

In their attempt to enhance the interactions between the
nano-sized ZnO particles and the polymer, Yuan et al.''’ by
incorporating vinyl silane groups on the surfaces of ZnO NPs
using vinyl triethoxysilane through a procedure premised on
the hydrosilylation reaction during curing carried out their

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from ref. 104 with permission from Elsevier).

surface modification. The vinyl silane groups on the ZnO
surface enabled improved cross-linking with the rubber matrix.
In order to solve this problem, surface modification techniques
are applied to improve the interaction between the nano-
particles prepared by the sol-gel method and the polymer. In
comparison with the nanocomposites of silicone rubber with
ZnO, the nanocomposites of silicone rubber with vinyl trie-
tho