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ABSTRACT

Ongoing advances in nanotechnology research have established a variety of methods to
synthesize nanoparticles (NPs) from a diverse range of materials, including metals,
semiconductors, ceramics, metal oxides, polymers, etc. Depending upon their origin and
synthesis methods, NPs possess unique physicochemical, structural and morphological
characteristics, which are important in wide variety of applications concomitant to electronic,
optoelectronic, optical, electrochemical, environment and biomedical fields. This review
provides a comprehensive overview on various physical, chemical and bio-assisted methods
largely employed to synthesize and fabricate NPs of varying size, surface characteristics,
functionalities and physicochemical behavior. The key applications of nanoparticles have

also been discussed.

Keywords: Nanoparticles, Synthesis, Nanocomposites, Nanostructures, Nanomaterials,

Nanotubes, Nanofibers, Nanobelts
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1. Introduction

‘There’s Plenty of Room at the Bottom” a revolutionary lecture by Richard Feynman in 1959
has provided a new thought process to the scientific community to miniaturize and advance
the prevailing technology.' Inspired with this vision and substantiated with tremendous
research efforts, a new branch of science called nanotechnology got originated.2
Nanotechnology is basically an amalgamation of two words “Nano” and “Technology” that
deals with dimensions and tolerances of less than 100 nanometres, especially the engineering
of individual atoms and molecules. With a promise to advance and benefit the society
through its wide range of applications in medicines, energy, environment, information
technology, aerospace science etc., nanotechnology has emerged as a cutting-edge science in
this modern era.’” Owing to its capability to display improved characteristics at small
dimensions, nanomaterial is considered as one of the crucial components of nanotechnology.
Enriched with outstanding physical, chemical, biological, optical and electronic properties,
nanomaterials helped in improving the existing technologies and also opened new avenues to
develop novel scientific/technological fields. Depending upon the desired application, the

nanomaterials can be synthesized in diverse shapes and dimensions as described in Table 1.

Table 1 Brief overview on different types of nanostructures, their synthesis methods and

related applications

Type of Nanomaterials Synthesis Applications

Nanocage: First reported in 2002, | Nanocages can be synthesized by | As tracers for tracking using
this class of nanomaterials has | simple template engaged galvanic | multi-photon luminescence,
hollow interior and porous walls | replacement reaction among the | contrasting agents for
containing metallic nanoparticles | metallic ~ precursor and  the | photoacoustic and multimodal
(MNPs) inside. Their size ranges | nanotemplates of more reactive | imaging, photothermal agents for

between 10-150 nm. ¢ metals.®’ the selective destruction of
cancerous tissue and Drug
e delivery vehicles for smart release

0| ~ in response to external stimuli
LA o0 ® such as NIR radiation or high-
intensity focused ultrasound. ®

Nanocrystal: Nanocrystal is single | Murray er al. have reported high | Memory devices, solar cells,

or multi-phase  polycrystalline | temperature colloidal method to | solid-state displays, photo-
solids with grain size of less than | synthesize semiconducting magnetic | detectors and field-effect transistor
100 nm.” nanocrystals that are uniform in size | (FET) detectors.'* '

to = one atomic layer, composition,
shape, internal structure, and surface
chemistry.'® Li e al have
developed an unified liquid—solid—
solution phase transfer synthetic
strategy to fabricate monodisperse

Cubic Crystals
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nanocrystals with different
chemistries and properties using
versatile materials including noble

metal, magnetic/ dielectric,
semiconducting, rare-earth
fluorescent, biomedical, organic

optoelectronic semiconducting and
conducting polymers NPs."' Hyeon
et al. have nicely reviewed the
synthesis  strategies to design
monodisperse  nanocrystals  of
metals, semiconductors and metal
oxides."

Nanobelt: Nanobelt is thin and flat
sheets of ribbon-like structures that
are typically 30- 300 nm in size."
Nanobelts with rectangular cross-
section and well-defined crystalline
facets enable to attain unique
optical confinement, microcavity,
catalysis and piezoelectric effect.'®

NN

Wang et al. have reported the
synthesis of 1D ultra-long nanobelts
of lanthanum hydroxide using
composite-hydroxide-mediated
synthesis method.'

Nanobelts have profound impact
in the field of self-powered
nanodevices and nanosystems.
They have applications in FET
devices, nanometer-sized
ultrasensitive gas and biosensors,
resonators, cantilevers, etc.!”

Nanofiber (NF): These are 2D
fibre structures having diameter
less than 100 nm.

Nanofibrous Network

Electrospinning is the most explored
method for large scale production of
NFs of versatile materials including
polymers, metal oxides, carbon
based materials, supramolecular
dipeptides, etc."®*° Other method to
design NFs are emulsion
polymerization, self-assembly, melt

blowing and phase separation etc.”"”
23

Water filtration systems, surgical
implants, biosensors, drug
delivery  systems,  electronic

devices, tissue engineering, ete. 2
26

Nanoparticle (NP): According to
TUPAC, particle of any shape with
dimensions in the 1 x 107 and 1 x
107 m range is known as
nanoparticle (NP).

Different chemical, physical and
biological strategies are available to
design NPs of various material
types (polymers, inorganic oxides,
metals, etc.) of diverse sizes, surface
characteristics and
topography.”’Our review is an
attempt to compile all the synthesis
methods for the NP design.

NPs are having a wide range of
applications that includes their
role in biomedical devices
(biosensors, tissue engineering,
drug delivery, bioactuators, bio-
imaging devices, etc.), electronics
and optoelectronic devices, food
industry, construction industries,
etc.”
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Nanotube (NT) and Nanorod
(NR): NT is microscopic tube
whose diameter is measured in
nanometers (usually < 100 nm).”’
NT are mostly hollow. On the
contrary NR is solid structure with
aspect ratio of ~ 3-5 and each of
their dimension from 1-100 nm.*

Nanorods

§

Nanotubes

Arc-discharge, Laser ablation, and
chemical vapour deposition (CVD)
are some of the methods used to
prepare metallic/semiconducting
nanotubes and nanorods.’' Emulsion
polymerization method is another
chemical strategy to design soft
nanotubular structures.*

Nanotubes  specifically carbon
nanotubes (CNT) has the potential
to design wonder technologies.

CNT yarns and sheets have
already been known to have
promising applications in
supercapacitors, actuators and
electromegnatic shields. ****

Continuous efforts are under
progress to use these
nanostructures  in  biomedical

fields and nanomedicines.**

Nanowire (NW): Nanowire is
smart 1D nanostructural material
with dimensions of the order of 10
? meters.

Nanowires can be synthesized both
by top-down approach or bottom-up
approaches. The commonly used
techniques for the synthesis of

nanowires are chemical,
electrochemical, photochemical,
electrophoresis, CVD, physical

vapour deposition (PVD), plasma
assisted chemical vapour deposition
(PACVD), etc.*>?

Since semiconductor nanowires
show tremendous electronic and
optoelectronic properties, they can
be used for fabrication of p-n
junctions, transistors, solar cells,
sensors, etc. 3738

Quantum dot (QD): Quantum

dots is nanocrystal of
semiconducting material, small
enough to exhibit quantum

mechanical properties and their
excitons are confined in all three
dimensions. These exhibits strong
size  dependent optical and
electronic properties. QD can
contain as few as 100 to 100,000
atoms within the quantum dot
volume, with a diameter of 10 to
50 atoms. *’

Three routes to design QD are: 1)
Organometallic method that consists
of  three components
precursors, organic surfactants and
solvents, 1ii) Aqueous synthesis
using  short-chain  thiols  as
stabilising agents, iii) Biological
method using microorganisms. ***'

Viz.,

Due to their superb optical and
electronic properties, they can be
extensively applied to light-
emitting diodes, lasers,
biomarkers, biosensor devices and
biomedical imaging. *'***

Nanocomposites: It is multiphase
material where at least one of the
constituent  phases has  one
dimension less than 100 nm.* The
promise of nanocomposites lies in
their multifunctionality, the
possibility of realizing unique
combinations of properties
unachievable  with  traditional
pristine materials.*’

Polyaniline-CNT Nanocomposite

Different chemical, physical and
biological methods can be employed
to derive different nanocomposites
depending upon the materials
concerned.

Applications of nanocomposites
are in microelectronic industry,

electronic packaging
46-48

aerospace,
and also in catalysis.
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Due to its small dimension and exceptional surface properties, NPs have shown great
potential for diverse applications. In general, NPs are the most fundamental element of
nanomaterials and act as bridging link between the atomic/molecular structures and
nanomaterials. The NPs demonstrate size and shape dependent properties, which can be
tailored over wide range. Dendrimers, Liposomes, polymer micelles, quantum dots are the
other structural analogues of NPs, used for various applications.*° Depending upon the type
of the material, NPs are used for broad spectrum applications including drug delivery,”"*
biosensors,” bioimaging,”* molecular tagging,” food technology,’® textile manufacturing,”’

antimicrobial coatings,”® quantum computers,”® quantum lasers,”’ energy and environment,

etc (Discussed in section 2.4).

To enfold such a broad range of applications, one of the most essential aspects is to
understand various possible synthesis methods to design desired NPs. Selection of the
synthesis method to realize required NPs largely depends on the desired size, appropriate
surface properties and the type of concerned material such as metals, semiconductors,
ceramics, polymers, etc. In present article, we understand and review the key synthesis
methods for the preparation of various types of NPs. Synthesis methods are broadly divided
into three parts viz., physical methods, chemical methods and bio-assisted methods. In
addition, attempts have also been made to provide a brief discussion on the key applications

of different types of nanoparticles.

2. Methods for the synthesis of nanoparticles

High-throughput NPs with good and controlled quality are desirable for their
commercialization in various fields of applications. There are two basic approaches
commonly employed to prepare NPs; 1) Top-down approach, where synthesis is initialized
with the bulk counterpart that leaches out systematically bit-after-bit leading to the generation
of fine NPs. Photolithography, electron beam lithography, milling techniques, anodization,
ion and plasma etching are some of the commonly used top-down methods for the mass
production of NPs; 2) Bottom-up approach, which involves the coalescence or assembling
of atoms and molecules to generate diverse range of NPs. Examples of bottom-up approach
include self-assembly of monomer/polymer molecules, chemical or electrochemical
nanostructural precipitation, sol—gel processing, laser pyrolysis, chemical vapour deposition
(CVD), plasma or flame spraying synthesis and bio-assisted synthesis.”' In general, NP
synthesis methods can be divided in three groups - 1) physical methods, 2) chemical methods,

and 3) bio-assisted methods (Fig. 1).
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Methods of Nanoparticle

Synthesis

Physical Methods

Biological Methods

Chemical Methods

High Energy Ball Milling
Metal NPs (Fe, Co), Inter-metallic NPs (FeCo, CeCoq,
Nd,Fe,;,B) , Single Crystal NPs (Sm,Co,;,) (Metal
Oxides/Ferrites/ Carbonates NPs (znO, Fe,0,, CoFe,0,,
LiNbO,, CaCO,), Carbon NPs (Graphite, Pure Carbon)

Inert Gas Condensation

Metal NPs (Cu, Ag, Au, Pt, Mn), Inter-metallic NPs
(AuPd), Core-Shell NPs (FeAg (core)-Si (shell))

Microorganisms Assisted
Biogenesis
Metal NPs (Au, Ag, Hg, Cu, Pt, Pd),
Metal oxide NPs (TiO,, SiO,, ZrO,),
Metal Sulphide NPs (CdS, PbS),
Magnetite NPs, Quantum Dots (CdS,
CdTe).

Sol-Gel Synthesis
Metal oxide NPs (ZnO, Sn0O,, Fe,0;, Ta,0;), Ceramic NPs
(TiO,, Si0,), NPs of CdSe, ZnB,, GdVO, and Metal
Aluminates, Magnetic NPs (Fe-Co)

Pulse Vapor Deposition

Sputtering
Metal NPs (Au, Ag, Co, Pt, Fe, Y), Metal Oxide (TiO,,
Zn0), Semiconducting (Ge), Magnetic (Fe-Pt), Hybrid
(ZnS:Mn), Quantum Dots (Ge)

Electron Beam Evaporation
Metal NPs (Au, Ag, Pt), Inter-Metallic (Co-Pt),
Composites (Pt-MWCNT, CoPt-Graphene )

Laser Ablation/Pulse Laser Deposition

Metal NPs (Ag, Fe, Ni, Se), Magnetic NPs (FeCo, FePt),

Metal Sulphide (PbS), Metal Oxides(ZnO)
Vacuum Arc

Metal NPs (Ag, Fe, Au), Metallic Alloys (Mg-Al, Fe-Sn),
Metal Sulphide (PbS), Metal Oxides(zr0,), Carbon NPs

Bio-Templates Assisted
Biogenesis
Metal NPs (Au, Ag, Pt)

Plant Extracts Assisted
Biogenesis
Metal NPs (Au, Ag, Pt, Pd)

Laser Pyrolysis
Metal Oxide NPs (TiO,, SiO,, Al,O,, Fe,0,), Non-Oxide
NPs (Si, SiC, Si;N;, MoS,) ,Ternary Composites NPs
(Si/C/N, Si/Ti/C), Carbon based NPs (CN, C), Quantum
Dots (Si)

Flash Spray Pyrolysis
Ceramic Oxide NPs (TiO,, SiO,, Al,0,, Ce02, MgO, CaO,
WO,/TiO, ), Ceramic Non-Oxide NPs (BaCO,;, CaCO,,
CaSO,) , Metal Doped NPs (Fe Doped CeO,, Pt Doped
Zn,TiO,)

Electrospraying
Metal NPs (Au, Ag, Ti, Ni), Ceramic Oxide NPs (TiO,,
Si0,, Al,0,, ZrO, ), Polymeric NPs (PLGA, PLA, Collagen,
PMMA, PCL, Chitosan etc.)

Melt Mixing

Nanocomposite NPs (Polypyrrole-Polypropylene etc).

Microemulsion Technique

Inorganic NPs:- Metal NPs (Au, Ag, Cu, Ni, Pt, Pd, Rh, Ir),
semiconducting metal sulphite NPs (CdS, PbS, CuS, Cu,S
and CdSe), metal salt NPs (BaCO;, CaCO; and SrCO;),
metal oxide NPs (ZrO,, TiO,, SiO,, GeO, and Fe,0;),
magnetic NPs ((Mn,Zn)Fe,0,, (Ni,Zn)Fe,0,, ZnFe,0, and
BaFe;,0,,) and composite nanoparticles (CdS-TiO,, CdS-
ZnS, CdS-Sn0,, Cds-Si0,).

Organic NPs:- Polymers (Latex, Polystyrene, PMMA),
Conducting  Polymers (Polyaniline,  Polypyrrole,
Polythiophene), Organic molecules (Cholesterol,
Retinol, Rhodiarome, Rhovanil)

Hydrothermal Synthesis
Metal NPs (Pt, Ag, Zr), Metal oxide NPs (ZnO, NiO,
Fe;0,, CuO, a-Fe,0;), Metal Sulphide NPs (CdS), NPs of
CoFe,0,, FeWOQ,, La, Sr,CrO;

Polyol Synthesis
Metal NPs (Ag, Pt, Cu, Pd, Pr), metal oxide NPs (ZnO,
Indium-tin-oxide, Gd,0,, Cu,0, Pr,0,,), magnetic NPs
(Fe;0,) and metal hybrid NPs (CoSb,, FeCo).

Chemical Vapor Synthesis
Metal Oxide NPs (CoO, SiO,, ZnO, Fe,0;), WS, NPs, Cu-
Si/SiO, NPs, NPs of Al doped ZnO, fluorine doped tin
oxide and Cr doped ZnO.

Plasma Enhanced Chemical Vapor Deposition

Carbon and Silicon NPs, Silica NPs, GaN NPs

Fig. 1 Overview on different type of synthesis methods to produce variety of nanoparticles.

2.1 Physical methods for the synthesis of nanoparticles

Physical methods apply mechanical pressure, high energy radiations, thermal energy or

electrical energy to cause material abrasion, melting, evaporation or condensation to generate

NPs. These methods mainly operate on top-down strategy and are advantageous as they are

free of solvent contamination and produce uniform monodisperse NPs. At the same time, the

abundant waste produced during the synthesis makes physical processes less economical.

High energy ball milling, laser ablation, electrospraying, inert gas condensation, physical

vapour deposition, laser pyrolysis, flash spray pyrolysis, melt mixing are some of the most

commonly used physical methods to generate NPs.

6
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2.1.1 High energy ball milling (HEBM): High energy ball milling, first developed by John
Benjamin in 1970 to synthesize oxide dispersion strengthened alloys capable of withstanding
high temperature and pressure, is a robust and energy efficient synthesis method to generate
NPs with varying shapes and dimensionalities.”” In HEBM process, the moving balls transfer
their kinetic energy to the milled material. This results in the breaking of their chemical
bonds and rupturing of the milled materials into smaller particles with newly created surfaces
(Fig. 2a). Milling media, milling speed, ball-to-powder weight ratio, type of milling (dry or
wet), type of high energy ball mill (vibrator mill, planetary mill, attritor mill, tumbler ball
mill, etc.), milling atmosphere and duration of milling regulate the amount of energy transfer
between the balls and the material during the process, and thus affect the physical and
morphological properties of the resultant nanomaterials. The HEBM process sometimes
involve very high local temperature (>1000 °C) and pressure (several GPa) conditions and

thus also considered as a mechanochemical synthesis process.

Using metallic iron powder as the precursor material, Carvalho et al. synthesized
superparamagnetic magnetite NPs with size ranging from 12 nm to 20 nm by HEBM
process.” Bartwal and co-workers optimized various milling parameters (milling time,
rotation per minute; rpm, ball size, etc.) to prepare uniform LiNbO; NPs with particle size
ranging from ~30 to 60 nm.** Salah and co-workers synthesized ZnO NPs of ~30 nm size
from ZnO microcrystalline powder using HEBM process.”” Synthesized ZnO NPs showed
antibacterial activities due to their desirable lattice constant. Chen ef al. utilized microwave
assisted HEBM method to prepare pure and well-crystallized cobalt ferrite NPs with mean
size of 20 nm, and high saturation magnetization (82.9 emu/g), at low temperature (< 100°C)
without subsequent calcination.’® Cobalt oxalate hydrate and Fe powder were used as the raw
materials for this synthesis and stainless steel or pure iron balls with diameter of 1.5 mm were
used for milling. Xing et al. recently established HEBM as the powerful green synthesis

method for large-scale production of nitrogen doped carbon NPs for catalytic applications.*®
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Nonionic
Surfactant

Anionic
Surfactant

Cationic
Surfactant

Particle Aggregation due to high
surface energy generated on the -
milled particles during HEBM resulting — -O
in generation of larger particles

Surfactant molecules adsorbed on the surface of the generated particles and helps in lowering their
surface energy by creating an organic layer on them and thus preventing them from aggregation. It
leads to the production of nanoparticles with smaller size range with desired surface properties.

Fig. 2 (a) High energy ball milling (HEBM) system and (b) Schematic representation of the
NPs synthesis using HEBM method with and without surfactant.

Currently, surfactant assisted high energy ball milling is used as an efficient strategy
for the synthesis of NPs with precise size and specific surface characteristics (Fig. 2b).
Surfactants are the surface active agents containing both hydrophobic and hydrophilic
properties and can be classified as anionic, cationic, zwitterionic and nonionic depending
upon the surface charge characteristics of their hydrophilic group.®” Following adsorption on
the material surface, the surfactant molecules generate electrostatic/steric forces which
stabilize the milling particles, and thus minimize the uncontrolled fracturing of particles.
Surfactant can also lower the surface energy of the freshly generated fine particles by forming
thin organic layer and introducing long range capillary forces that lower the energy for crack
propagation. This prevents the particles from agglomeration and cold welding that may lead
to enhancement of particle size. Nature and amount of the surfactant used during the HEBM
tremendously affect the physical characteristics of the NPs. Normally, increasing the

surfactant volume can decrease the particle size by second to third order of magnitude. Zheng
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et al. designed rare-earth-based magnetically hard single-crystal NPs of Sm,Co;; with
average diameter of 9 nm and 26 nm by HEBM using oleic acid and oleylamine, respectively,
as the surfactant with SmCos as precursor.68 Islam et al. used this surfactant assisted HEBM
method to prepare pure CaCOs; NPs with diameter of 30 nm from cockle shells using dodecyl
dimethy betain (BS-12).* Surfactant assisted HEBM has also been used to synthesize

0

graphite NPs of the size ranging from 1-30 nm,”® where the carbon black was used as a

precursor and phosphate ester as a surfactant in aqueous media.

2.1.2 Inert gas condensation (IGC): Inert gas condensation is one of the primitive methods
for the NP synthesis that employ inert gases (e.g. He or Ar) and liquid nitrogen cooled
substrate holder for the preparation of NPs. The evaporated materials are transported with
inert gases and condensed onto the substrate attached with liquid nitrogen. Ward et al. used
this method for the synthesis of Mn NPs.”' Perez-Tijerina et al. fabricated AuPd NPs using
IGC process and studied the effect of annealing on the structure of the deposited NPs.”? IGC
was found to be highly efficient method for the synthesis of good quality silver and platinum
NPs.” Sputtered deposition unit was used as the source for the generation of these NPs.
Raffi et al. also reported the synthesis of Ag NPs by IGC method and found a strong
dependence of the evaporation temperature (varied between 1123K and 1423K) and inert gas
(He) pressure (varied between 0.5 and 100 Torr) on the morphology, crystallinity and size
distribution.” The mean particle size was found to increase with increasing evaporation
temperature and He gas pressure and was in the range from 9 nm to 32 nm. Fabrication of
size controlled Cu NPs (1-5 nm) was performed using IGC method combined with glow

discharge sputtering as a source of Cu NPs.”

Benelmekki et al. reported the synthesis of metallic-dielectric multi-core-shell NPs by
IGC method.”® The FeAg NPs were deposited in Si shell (Fig. 3a-c), where Si shell protected
the NPs against oxidation and restrained their aggregation. The basic principle for the
synthesis of such hybrid nanoparticles (HNPs) was based on the condensation of atomic
vapor produced from sputtering of multiple targets (Fe, Ag and Si) simultaneously at high
pressure. Argon working pressure was kept at 10 mbar during the deposition. Using DC
sputtering, vapours of metal atoms were produced near the target surface and condensed into
nanoclusters along its propagation path through aggregation zone as shown in Fig. 3a. These
nanoclusters were then extracted and accelerated due to difference in pressure between

aggregation zone (10 mbar) and deposition unit (10° mbar) and then deposited onto the
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substrate (Fig. 3b and 3c¢). The mechanism responsible for the fabrication of multi-core-shell
HNPs is illustrated in Fig. 3d. The mechanism was divided into three steps. Step 1 was
associated with the nucleation and growth of the NPs. Plasma density was found to be an
important parameter, which influences the nucleation, growth and crystallinity of the NPs.
The plasma density and sputtering yield (~1.2) were maximum in case of Ag. This led to the
nucleation and growth of the highly crystalline Ag NPs before leaving the plasma zone,
which then quenched into mono-crystalline NPs in aggregation zone. Since the plasma
density and sputtering yield (0.45) was lower in case of Fe than Ag, their nucleation and
growth occurred when the atoms reached the aggregation zone. This transportation process
caused loss of energy of the atoms resulting in the creation of amorphous nanoclusters/NPs.
The plasma density and sputtering yield (0.29) was lowest in case of Si leading to the
formation of amorphous Si nanoclusters/NPs. Step 2 involve cluster-cluster collisions, where
the nanoclusters collide and coalescence with each other in aggregation zone, leading to the
formation of larger NPs. However, formation of core/shell or dumbbell-like structures was
most probable due to the large positive free energy of Ag and Fe mixing. In other words,
during collision in aggregation zone, Ag and Fe nanoclusters could not completely
coalescence due to lack of energy. This led to the formation of dumbbell-like structures in
amorphous Si matrix. Finally, during their movement through aggregation zone, AgFe/Si
core-shell NPs were found to collide and partially coalescence with each other resulting in the
formation of multicore-shell HNPs in step 3. Fabricated HNPs were found to be the

promising candidates for magneto-optic bio-applications.

10
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Fig. 3 Schematic showing (a)-(c) IGC system used for synthesis of HNPs; (a) aggregation
zone, (b) aperture through which formed nanoclusters moved and (c) deposition section and
(d) mechanism responsible for the synthesis of HNPs. Reproduced with permission from ref.

76.

2.1.3 Physical vapor deposition (PVD): Physical vapour deposition is a collective set of
processes commonly used to produce NPs and to deposit thin layers of material, typically in
the range of few nanometers to several micrometers. PVD is an environment friendly vacuum
deposition technique consisting of three fundamental steps: 1) vaporization of the material

from a solid source, 2) transportation of the vaporized material, 3) nucleation and growth to
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generate thin films and NPs.”” Most commonly used PVD methods for NPs synthesis are

i) Sputtering
ii) Electron beam evaporation
iii) Pulsed laser deposition

iv) Vacuum arc

Fig. 4 shows the schematics representations of different PVD techniques.

11
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Fig. 4 Schematic representation of (a) plasma sputtering, (b) electron beam evaporation, (c)
pulsed laser deposition and (d) vacuum arc technique.

2.1.3.1 Sputtering: Sputtering is a vacuum-based PVD process, which is often used to
deposit films and NPs (Fig. 4a). Sputtering works on the principle of momentum transfer in
which the atoms from the target (which is made up of material to be deposited) are ejected by
the ion bombardment. The deposition of material by sputtering can be achieved using DC,
pulsed DC and radio frequency (RF) powers. The sputter deposition takes place in following

steps:

i) The plasma of neutral gases, commonly Ar, is generated between the two electrodes
by the collisions of electrons to gaseous molecules.

ii) lons present in the plasma are then accelerated toward the target by applying potential
between the two electrodes.

iii) These ions with appropriate energy thus hit the target, leading to ejection of the
material from the target.

iv) The ejected material are then transported and deposited onto the substrate.

12
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Simple sputtering and magnetron sputtering are two types of sputtering processes. The
difference between the two processes arises due to the fact that simple sputtering does not
contain magnets behind the target, while magnets are always present in case of magnetron
sputtering. The magnetron sputtering is upgraded version of simple sputtering and has

following two advantages over former process:

% Higher deposition rate

% Prevent target overheating and damage

Higher deposition rate in magnetron sputtering is obtained due to the fact that under the
influence of magnetic field the path of electrons become curved i.e. they follow helical path.
This leads to more ionization of gases, causing more ions hit to the target, and hence results
in higher deposition rate. In sputtering, sputtering yield is an important parameter, which
describes the number of atoms ejected per incident ions. It should be noted that DC sputtering
can be used to deposit nanostructures of conducting materials, while the deposition of
insulating material by DC sputtering is difficult. However, RF sputtering can be used for the
deposition of insulating materials also. Further, when reactive gases are introduced into the
sputtering process chamber then sputtering process can be called as reactive sputtering.

Reactive sputtering is used to deposit variety of compound/hybrid materials.

In all types of sputter deposition processes the NPs of ideal size can be synthesized by
selecting the appropriate deposition conditions. For example, Hatakeyama and Nishikawa
have synthesized Au NPs by analytically varying the sputtering conditions that influences the
particle size and its distributions.” Veith et al. used magnetron sputtering for the deposition
of Au NPs on WO; and activated carbon surfaces.”” Using magnetron sputtering and selecting
the appropriate deposition parameters, Bouchat et al. reported the synthesis of variety of
metallic and non-metallic NPs including titanium oxide (TiO;), silver (Ag), gold (Au),
yttrium (Y), carbon (C), cobalt (Co) and iron (Fe).*® Asanithi et al. optimized the process
conditions for the deposition of uniform sized, < 10 nm, silver NPs by DC magnetron
sputtering.’ While varying target-to-substrate (TTS) distance from 10 to 20 cm, they
demonstrated significant tailoring of particle size with the formation of highly uniform small
grains (3.8+0.7 nm) at optimized TTS distance of 20 cm. Moreover, TTS was also reported to
influence the shape and distribution of the Ag NPs. They further tuned the sputtering current
(50 mA) at optimized TTS to design monodisperse Ag NPs. However, at higher sputtering

current worm-like morphology with increased grain size was obtained. Ichida er al.
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synthesized Germanium (Ge) NPs and Ge quantum dots (Ge QDs), both used in electronic

and optoelectronic industry, by high pressure RF magnetron sputtering.®

Fig. 5 High resolution transmission electron microscopy images of Pt NPs synthesized by
sputtering process. (a)-(f) Pt NPs grown at constant target angle of 23.8" but varied growth
time of (a) 5s, (b) 10s, (c) 20s, (d) 30s, (e) 45s and (f) 55s. (g)-(1) Pt NPs grown at constant
growth time of 2min but varied target angle of (g) 16.2°, (h) 23.8 and (i) 38.8". Reproduced
with permission from ref. 85.

Ghosh et al. fabricated Mn doped ZnS NPs (ZnS:Mn) by RF magnetron sputtering and
studied their photoluminescence and field emission properties.”> At an optimum Mn
concentration, the excellent photoluminescence and field emission properties in ZnS:Mn NPs
were realized. In another work, Veith et al. fabricated 2 nm size Au NPs on y-Al,O3 using

one step magnetron sputtering process which was comparable to those obtained by traditional
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chemical methods.* Ramalingam et al. employed tilted-target sputtering in order to grow
sub-2 nm sizes and density tuneable Pt NPs at room temperature.* They showed that tilting
of target angle and variation of growth time significantly altered the mean diameter and

density of Pt NPs (Fig. 5).

Sputtering process is also widely used for the synthesis of magnetic NPs for numerous
applications. For example, Zhang et al. demonstrated the synthesis of L1, ordered FePt NPs
on MgO substrate by DC magnetron sputtering.*® The FePt NPs were grown at base pressure
of 5107 Torr and low argon pressure of 1.5x10~ Torr at 750 °C. During the deposition of
FePt NPs the sputtering rate was 1.2 A/s. Takahashi et al. synthesized FePt NPs by sputtering
method and studied the effect of size on ordering of the NPs.*” They suggested that there is a
critical value of size of NPs for ordering i.e. FCC FePt NPs with size < 4nm diameters do not
display L1 ordering. Further, Dmitrieva et al. fabricated FePt NPs by sputtering process and
suggested that inclusion of nitrogen during NP deposition can enhance the L1, phase of FePt

NPs.%®

2.1.3.2. Electron beam evaporation (EBE): Electron beam evaporation is a vacuum-based
PVD process which is used to fabricate thin films and NPs. EBE system consists of vacuum
unit, electron beam source and target materials (Fig. 4b). Electron beam source consists of a
filament, which is heated by passing current through it resulting in the generation of electron
beam. The generated electron beam is focused and then directed onto the target material

using magnets. The deposition of films by EBE takes place in the following steps:

i) Electron beam hits the target and heat the target material
ii) Target material (atoms) evaporates when temperature reaches above its boiling point
iii) Evaporated material then transported and

iv) Condensed onto the substrate
Advantage of EBE methods are

1) High deposition rate
ii) Can be used to deposit materials ranging from conducting to insulating
iii) Unlike thermal evaporation, EBE can be used to deposit materials of higher boiling

point

By selecting optimum process parameters and conditions during EBE process, NPs of

different sizes and shapes can be deposited. Perry et al. have reported the use of EBE in the
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development of NPs for both 2D and 3D metal patterning.89 Hsieh ef al. synthesized Au NPs
and Pt NPs on multiwall carbon nanotubes (MWCNTS) to form composite electrodes for
sensors and energy storage applications.” They observed that the distribution of Au NPs was
better on MWCNTs than Pt NPs. Uhm ef al. demonstrated the fabrication of antibacterial Ag
NPs on diameter-controlled TiO, nanotubes by facile EBE process.”’ Further, Castaldi ef al.
prepared CoPt NPs of size between 5 nm and 20 nm on thermally oxidized silicon using EBE

process and found that the size of NPs was dependent on the thickness of the CoPt layer.”

Using EBE process, Bello ef al. fabricated Ag NPs decorated three dimensional graphene
(GR) scaffold for electrochemical application.”® In comparison to pure GR electrode, the
GR/Ag NPs electrode showed higher capacitive performance and better cyclability for

supercapacitor applications.

2.1.3.3. Laser ablation (LA) and pulse laser deposition (PLD): Laser ablation method
utilizes a high power laser beam that evaporates particles from a solid source.”® In normal LA
process, the laser can be either continuous laser or pulsed laser. LA offers a flexible approach
in the production of micro- and nano- structures of polymeric materials. Kris et al. reported a
micro-lens assembly with the utilization of LA technique by scanning the polymer surface to
achieve a lens shape with the optimal focal distance and diameter.”” Gopal et al. have

synthesized colloidal zinc metallic NPs using the LA technique.96

PLD is another vacuum-based PVD process that employs laser energy to remove the material
from the target. The high power laser pulses hit the surfaces of target, leading to melting,
evaporation and ionization of the material (Fig. 4c). Finally the ablated materials deposit onto
the substrate. PLD utilize pulsed laser beam, mainly coming from either excimer laser or
Nd:YAG laser, for the ablation of the material. PLD is used for the preparation of variety of

materials including polymers, oxides, metallic systems, fullerenes, carbides, nitrides, etc.

In context to NPs production, Lee et al. reported the synthesis of FeCo NPs in an inert gas
atmosphere by PLD.”” Ong et al. examined the role of process parameters such as number of
pulses, ambient gas pressure and temperature gradient on the morphology and size of FeCo
NPs synthesized by PLD.”® The morphology of FeCo was changed from linear interconnected
chains to fibrous when the number of pulses were increased. At low pressure, NPs tend to
form floccules-like nano-networks while chain-like network was observed at higher
pressure.” In addition, the average size of NPs was increased with increasing gas pressure.

Andrea et al. used PLD for the synthesis Ag NPs arrays for surface enhanced Raman
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scattering (SERS).” They controlled the size and morphology of Ag NPs by optimizing the
Ar pressure and number of pulses. In another work, Jing et al. deposited Ag NPs on nickel
hydroxide nanosheet arrays using PLD for application to SERS.'™ They found that
deposition time influenced the size and inter-particle gap of Ag NPs and hence could control
the SERS enhancement. Kumar ef al. synthesized self-assembled magnetic NPs by PLD and
demonstrated the embedment of Fe NPs and Ni NPs of sizes 5-10 nm in amorphous alumina
and crystalline TiN materials.'”" Quintana ef al. performed an interesting work involving the
fabrication of selenium (Se) NPs on three different substrates: 1) metallic Au film, 2) Si
wafers and 3) glass using PLD.'” While analyzing the morphology of the deposited NPs,
they found that size, shape and population density of Se NPs were strongly dependent on the
experimental process parameters and underlying base such as energy density, number of
pulses and substrate. Lin et al. studied the effect of target-substrate geometry and ambient gas
pressure on the synthesis of FePt NPs by PLD.'” They suggested that backward plume,
which is a novel target-substrate geometry can produce FePt NPs with high uniformity, better
phase formation than conventional PLD process. Amoruso et al. fabricated Ni NPs by

194 Dhlamini et

femtosecond PLD, which was confirmed by atomic force microscopy (AFM).
al. reported the synthesis of lead sulphide (PbS) NPs in amorphous SiO, matrix on Si
substrate using PLD and realized excellent photoluminescence properties.w5 Table 2 covers

different NPs synthesized by the PLD method with the process details.

Table 2 Various nanoparticles synthesized using PLD technique.

Type of Deposition Deposition Size of Laser Type | References
Nanoparticles | Medium Parameters Nanoparticles
Ag NPs Aqueous LI: 120 mJ/pulse 42+ 1.9 nm Nd:YAG 94
SDS RR: 10 Hz in SDS Laser, 532
solution PW: 5 ns (Anionic nm
TTS Distance: 4.5 mm | Surfactant)
LI: 120 mJ/pulse 7.8+ 4.5 nm in
Aqueous RR: 10 Hz CTAB
CTAB PW: 5 ns (cationic
solution TTS Distance: 4.5 mm | Surfactant)
LI: 60 mJ/pulse
Aqueous RR: 10 Hz
SDS PW: 5 ns 6.8 +2.7nm
solution TTS Distance: 4.5 mm | in SDS
LI: 60 mJ/pulse
Aqueous RR: 10 Hz
CTAB PW: 5 ns 9.4+59nm
solution TTS Distance: 4.5 mm | in CTAB
Ag NPs Argas,70 | BP:2x 10" Pa 1.5-4.5 nm 248 nm KrF 99
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Pa Pressure | LED: 2 J cm™ laser
LIA: 45°
TTS Distance: 35 mm
NLS: 15000 & 30000
RR: 10 Hz
Ni NPs Vacuum RP: 10° Pa 5-100 nm 1 kHz 104
LI: 1mJ/pulse MS =~ 40 nm Ti:sapphire
LIA: 45° oscillator—
TTS Distance: 30 mm amplifier
NLS: 200 system
LED: 0.3 J cm™ emitting at
780 nm
Ni NPs High BP: 5 x 107 Torr ~ 10 nm - 101
Vacuum | RR: 10 Hz
PW: 10 ns ,
LED: 2 J cm™
Fe NPs ST: 500° C 4.5-9 nm
Se NPs High | BP: 8 x 10 Torr 75-100 nm Nd:YAG 102
Vacuum | PD: 108 W cm™ Laser, 532
PW: 10 ns nm
LIA: 45°
TTS Distance: 35 mm
ZnO NPs Aqueous | RR: 10 Hz 9.4-32.1 nm, Nd:YAG 96
SDS LI: 100 mJ/pulse AD: 14.7nm | Laser, 532
solution IT: 60 mins nm
PbS 0, Gas, RR 10 Hz 10-50 nm 248 nm KrF 105
300 mTorr | PW: 30 ns AD: 17 nm laser
Pressure TTS Distance ~ 50
mm
LI: 183 mJ/pulse
FeCo NPs Ar gas, BP: 10 Pa 4.8-8.6 nm Nd:YAG 98
Pressure RR: 10 Hz Laser, 532
varying PW: 10 ns nm
from 10-90 | ST: 150° C
kPa
FePt NPs Ar gas BP: 5 x 10” mbar 4.8-22 nm Nd:YAG 103
LI: 75 mJ/pulse Laser, 532
LED: 955 J cm™ nm

TTS Distance: 6 mm

Abbreviations: AD- Average Diameter, BP- Basic Pressure, CTAB- Cetyltrimethylammonium
bromide, IT- Incubation Time, LED- Laser energy density, LI- Laser Intensity, LIA- Laser Incident
Angle, MS- Mean Size, NLS- Number of Laser Shots, PW- Pulse Width, RP- Residual Pressure, RR-
Repetition Time, SDS- Dodecylsulfuric acid sodium salt, ST- Substrate Temperature, TTS Distance-

Target-Substrate Distance
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2.1.3.4 Vacuum arc (VA): Vacuum arc is a vacuum-based PVD process in which the arc is
used to vaporize the material for the synthesis of metallic, ceramic and composite NPs and
films (Fig. 4d). Akbari et al. synthesized the Mg-Al alloy NPs by varying Mg and Al
concentrations using plasma arc process.106 Lei et al. used vacuum arc discharge process for
the synthesis of inter-metallic Fe-Sn NPs.'”” Amaratunga demonstrated the synthesis of thin
film of linked carbon NPs using localized high pressure arc discharge process and realized
excellent mechanical properties in deposited material.'"® Chhowalla and Amaratunga used a
similar approach of localized high pressure arc discharge for the synthesis of thin film of
fullerene-like MoS, NPs, which showed extremely low friction.'” Fig. 6a and 6b show the
high resolution electron microscope images of thin films of cross-linked carbon NPs and

fullerene-like MoS, NPs, respectively.
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Fig. 6 (a) High resolution electron microscopic image of thin film of carbon cross-linked NPs
and (b) High resolution transmission electron microscopic image of thin film of fullerene-like
MoS, NPs. Reproduced with permission from ref. 108 and ref 109.

2.1.4 Laser pyrolysis: The CO, laser pyrolysis technique, first developed by Haggerty et al.
at the beginning of 1980s, is a vapour phase synthesis process.61’110 This method can be used
to synthesize NPs of large variety of oxide (TiO,, SiO,, Al,O;, Fe,;0;), non-oxide (Si, SiC,
Si3N3, MoS,) and ternary composites like Si/C/N and Si/Ti/C. In this process, the resultant
condensable products are generated from the laser-induced chemical reactions at the interface
of the laser beam and the molecular flow of gaseous/vapour phase reactants (Fig. 7a). One of
the criteria to induce energy coupling into the reaction system is that one of the
reactant/precursor should be able to absorb through resonant vibrational mode of Infra-red
(IR) CO, laser radiations. Alternatively, additional chemicals like ammonia (NHj3), sulphur
hexafluoride (SFs), ethylene gas (C,H4), etc. are introduced among the reactants as inert

photo-sensitizers to accomplish the energy transfer process between the laser light and
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precursors. The high power of the CO, laser initiates the sequential absorption of several IR
photons in the same molecule, followed by collision assisted energy pooling, leading to a
rapid increase of the average temperature in the gas through vibration-translation energy
transfer processes, often accompanied by the appearance of a flame in the interaction volume.
If molecules are excited above the dissociation threshold, molecular decomposition,
eventually followed by chemical reactions, occurs with the formation of condensable and/or
volatile products. Compared to other vapour phase methods, the laser pyrolysis permits
highly localized and faster heating (leads to rapid nucleation) with faster quenching of the
particle growth (in few ms). Thus, this methodology is promising in generating NPs of the
average diameter ranging between 5 to 60 nm with a narrow size distribution in the hot zone.
However, as soon as the NPs escape the hot chamber, they try to aggregate resulting in the
formation of NPs chains. High energy ball milling and high-power ultrasonic treatment are
the effective mechanical processes that help in generation of well-separated NPs using laser

pyrolysis method.

Rosaria D’Amato et al. utilized laser pyrolysis technique to synthesize variety of ceramic
NPs (e.g. SiC, SiO, and TiO,) for energy applications and cultural heritage preservation using
silane (SiHy4), tetracthyl orthosilicate (Si(OC,Hs)s) and titanium(IV) isopropoxide
respectively as precursor materials.''” Owing to the advantage of single step doping in this
method, Scarisoreanu et al. synthesized carbon coated TiO, NPs for photocatalysis
applications.''' Marino er al. synthesized carbon nitride NPs with varying nitrogen
incorporation between 2% and 20% using laser pyrolysis.''” Jansa et al. fabricated carbon
NPs using pulsed laser pyrolysis of hydrocarbons and found that at same experimental
parameters, the carbon NPs produced using benzene showed higher conductivity than those

113

produced using either acetylene or ethylene. ~ They also found the variation of size of NPs

with varying laser power.

Silicon carbide (SiC), silicon and molybdenum disulphide (MoS;) NPs have also been
produced by the laser pyrolysis technique using the same 1:echnique.114 Veintemillas-
Verdaguer et al. synthesized magnetic composites Fe-based NPs encapsulated in
carbon/silica (C/SiO,@Fe) or carbon (C@Fe) with average diameter of 29+£3 nm and 5643
nm, rerspectively.'"”> Laser Pyrolysis of the carbonyl precursors is emerging as an excellent
technique for the direct synthesis of iron NPs with smaller particle size, narrow size
distribution without much noticeable aggregation. Following the same lines, Bomat et al.

have prepared the iron—iron oxide core—shell NPs (10-30 nm) by laser pyrolysis of Fe(CO)s
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vapours and in-situ passivation by controlled oxidation process.116 Erogbogbo et al. have
reported the synthesis of biocompatible Si QD by laser-driven pyrolysis of silane using

phospholipid micelles for the imaging of cancer cells.'"”
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Fig. 7 Schematic Illustration of (a) laser pyrolysis, (b) flame spray pyrolysis and (c)
electrospraying technique for the synthesis of NPs.
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2.1.5 Flame spray pyrolysis (FSP): FSP is the latest of all the flame aerosol technologies.118
It is a one-step combustion process where the precursor is in liquid form, with significantly
higher combustion enthalpy (>50% of total energy of combustion), usually in an organic
solvent. The important technological elements of this process include self-sustaining flame,
usage of liquid feeds and less volatile precursors, proven scalability, high temperature flames
and large temperature gradients (Fig. 7b). It is one of the most exploited techniques for the
production of complex and functional NPs. For the formation of particles, the liquid
precursor can follow the droplet-to-particle route or gas-to-particle route; however, later
results in more homogenous morphologies and size. For NPs fabrication, precursor spray has
to follow the sequential steps viz., 1) precursors evaporate/decompose forming metal vapors;
2) nucleation as a result of supersaturation; 3) growth by coalescence and sintering; and 4)
particle aggregation (by chemical bonds) and agglomeration (by physical interactions) (Fig.
7b). Fig. 8 summarise all the particle configurations (and combinations) obtained by FSP.
FSP of single metal component precursors in open ambient (air) condition produces simple
oxides or carbonates in the case of alkaline metals through reaction with the CO* laden flame
and follow Route I (Fig. 8) for the NPs synthesis. NPs of wide range of elements across the
periodic table, from MgO to Yb,0Os, have been synthesized via this route. FSP of metallic
NPs including Co, Bi and Cu (following Route 2 in Fig. 8) have been reported under the
anaerobic conditions that helps preventing rapid oxidation of Bi to Bi,O; and resulting in the
formation of the protective surface oxide or carbon layer on the Co and Cu NPs. For the
multi-component systems, the particle formation pathways are much more complicated and
follow different routes (Route III-VI, Fig. 8).
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Fig. 8 (a) Formation of different particle configurations via the gas-to-particle mechanism for
single and multicomponent systems, (b) as-prepared metal oxides NPs of different
morphologies made by FSP, varying from hexagonal/octagonal platelet g-Fe,Os;, lightly
oblongated ZnO, spherical TiO,, and rhomboid-shaped CeO, with sharp edges. Reproduced
with permission from ref. 118.

Sokolowski et al. first utilized this strategy to synthesize Al,O; NPs by combusting an
ultrasonically-dispersed spray of aluminium acetylacetonate in benzene—ethanol solvent
mixture.'”” Later, FSP process was used tremendously to design various oxide and non-oxide
ceramic NPs e.g. CeO,, SiO,, Al,03, MgO, C-Cu, BaCOs3, CaO, CaCOj3, CaSQy, etc. Madler
et al. adequately reviewed the research articles concerning the design and fabrication of NPs
by FSP method and also tabulated very nicely all different oxide and non-oxide ceramic NPs
synthesized using this method.'"® Some of the most notable applications of the FSP derived
NPs are in the areas of catalysis optics and photonics, sensors, health care, magnetic materials,
etc."”>'* For example, Arutanti er al. fabricated WO3/TiO, NPs by flame-assisted spray
pyrolysis and explored them for photocatalysis.'** They studied the role of amount of WOs
and TiO, in the range 0-100 wt% on size, shape, crystallinity, and photocatalytic
performance. While analyzing the results they found that photocatalytic performance of
composite WO3/TiO, NPs was superior compared to 100 wt% TiO, catalyst. Channei et al.
synthesized Fe-doped CeO, NPs with varying amount of Fe using flame-assisted spray
pyrolysis for photocatalysis application and found that photocatalytic efficiency was 100%
when 2 mol% Fe was introduced in CeO,.'* Similarly Siriwong et al. synthesized Pt-doped
Zn,TiO4 NPs with varying amount of Pt from 0.25-1.0 mol% using flame-assisted spray
pyrolysis and suggested promising use of this process for the synthesis of high quality and

controlled sized NPs.'?®

2.1.6. Electrospraying technique: Electrospraying is a technique similar to electrospinning
that differs in the type of materials to be produced. The former is done to synthesize NPs
while the latter is done for the fabrication of nanofibers.'”” The electrospraying method is
based on an electromechanical device in which a mixture of solution containing the selected
polymer and the solvent is taken up by the syringe, and a high voltage is applied to the
capillary tip that results in the production of charged droplets (Fig. 7c). The solvent is
evaporated on its way to the counter electrode and particles or fibers are then collected as the
end product. The electrospraying technique provides both flexibility and control of the
surface parameters.128 Deppert et al. have reported distinct NPs deposition and the formation

of gold NPs for nanostructure growth by utilizing the electro-spraying technique.'*’ Sridhar et
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al. reported a comprehensive review over the use of electrospraying technique to produce
lipid-based delivery systems and biodegradable polymer NPs as carriers for drug delivery in
application to a wide variety of therapeutic area such as cancer therapy, anti-inflammatory,
antibacterial agents, etc.”*’ Maedeh ef al, reported the assembly of core-shell PLGA NPs
encapsulating the protein, bovine serum albumin, by ‘coaxial’ electrospraying method that
can be applied in the management of various severe diseases.””' Advantages of utilizing
electrospraying technique include the ability to generate uniform NP size, fast preparation
method and the capability for bulk assembly of NPs. However, this method can also lead to
degradation of some macromolecule as a result of thermal or shear stresses in drying and in
the syringe."**

The electrospraying technique can also be utilized to transform water vapour present in the
atmosphere into engineered water nano-structures (EWNS). The EWNS has a size of 25 nm
that is equipped with an extraordinary set of physical, chemical, biological and morphological
properties with low toxicity level that possess a remarkable mechanism of action as EWNS is
loaded with reactive oxygen species (ROS) that is able to interact with and to stop the activity
of harmful airborne bacteria.'** With the electrospraying method, NPs of various type and

sizes can be synthesized based on the use of a variety of solvents (Table 3).

Table 3 Different types of NPs synthesized using electrospraying method and their field of
applications.

Type of Solvent Size Application References
Nanoparticles
Au NPs Water + 20nm-100nm | Biomedical field, cancer 133,134
methanol nanotechnology, molecular

imaging, molecular  diagnosis,
targeted therapy and
bioinformatics.

Ag NPs Toluene 3-7nm Biosensor, anti-reflection coatings, 135,136

artificial joint replacement, cancer
diagnosis, anti-bacterial activity.

Sn NPs Isopropyl 3 nm Humidity sensor, microelectronics 137,138
alcohol and batteries.
SiO, NPs Ethylene 20 nm Photodynamic therapy, magnetic 139,140
glycol resonance imaging, optical

imaging, drug delivery, gene
delivery and protein delivery.

Si NPs 1-Octanol 3 nm Biological interface devices, anti- 139,141
cancer drug delivery and cancer
detection.
AL O; NPs Ethanol 500 nm Catalysis, waste water treatment, 139,142

heat transfer fluidics, biosensors,
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drug delivery and nanocomposites.

Ni NPs Ethylene 2-3 nm Magnetism, energy technology and 139,143
glycol biomedicine.
monoethyl
ether
acetate+alkyln
aphthalene+po
lyamine
TiO, NPs 1-Butanol 10-40 nm Drug delivery, cosmetics, anti- 139,144
bacterial materials, sun-screens and
electronics.
ZrO, NPs 1-Butanol 1040 nm Catalysis, anti-corrosion coating in | 139,145,146
surgical  appliances,  explosive
primers, dental implant material,
cell and tissue engineering.
Pt NPs Ethanol & nm Chemotherapy, cellular imaging, 147,148
MRI, sun-screen protection and
anti-septic products.
PLGA NPs Acetonitrile 165nm — Nanocarriers for drug delivery, 131,149
and dimethyl 1.2um cancer diagnosis and imaging.
sulfoxide
PLA NPs Butanol/methy | 100 nm Drug encapsulation, thin film 150,151
lene chloride deposition and biomedical
mixture engineering.
PMSQ NPs Ethanol 62 + 20 nm Organic thin film insulator and 152,153
printed electronics.
PMMA NPs | Acetone 300 nm Drug/SiRNA  systems, artificial 154,155
enzymes and photostable bio-
imaging agents.
PCL NPs Chlorofoam 4.8+0.2 - Pharmaceutics, drug delivery, 156,158
17.740.5 um | cancer treatment and cell culture.
COLL/NaCl | Acetic Acid 900nm Biomedical and  therapeutics, 159,160
NPs (COLL/NaCl) | nanomedicine.
COLL/Ca(Cl, or 630nm
NPs (COLL/CaCly)
Chitosan NPs | Acetic acid 520nm Anti-cancer treatment, drug 161,162
delivery, gene delivery and growth
factor carriers.
Abbreviations: PLGA- Poly(lactic-co-glycolic acid), PLA- Poly-DL-lactic-acid, PMSQ-

Polymethylsilsesquioxane, PMMA- Poly(methyl methacrylate), PCL- Polycaprolactone, COLL- Collagen

2.1.7 Melt mixing: This method involves the mechanical mixing of a polymer with modified

nanofillers by extrusion or kneading, and less commonly by injection moulding technique.'®

This is one of the oldest methods to design polymer composites with NPs as the fillers to

achieve desired material characteristics. This is the most commonly used mechanical process

because it is environment friendly and it is also well-suited for current industrial practices.

164

Zuhal et al. have utilized the melt mixing technique to prepare nanocomposite NPs of

conducting polymer polypyrrole with polypropylene and the resultant NPs have been then
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processed further using injection moulding technique.165

Weiss et al. have reported in-situ
formation of hybrid NPs during melt blending of hydroxybenzoate (HBA) and 27%
hydroxynaphthanoate liquid polymer polyesters with zinc salts of sulfonated polystyrene
ionomers at elevated temperatures due to chemical reaction that involved the liquid

crystalline polyester and residual zinc acetate from the neutralization of the ionomer.'*®

2.2. Chemical methods for the synthesis of nanoparticles

Sol-gel method, microemulsion technique, hydrothermal synthesis, polyol synthesis,
chemical vapour synthesis and plasma enhanced chemical vapour deposition technique are

some of the most commonly used chemical methods for the NPs synthesis.

2.2.1. Sol-gel method: In the sol-gel processing method, there are two types of components
viz., ‘sol” which 1is a colloidal suspension of solid particles in a liquid and ‘gel” which are
polymers containing liquid. Thus, this process includes the creation of ‘sols’ in the liquid that
lead to the formation of a network of discrete particles or network polymers by the
connection of sol particles.167 Hydrolysis and condensation are the typical steps of sol-gel
process, in which the former uses water to disintegrate the bonds of the precursor that is also
the first step in formation of the gel phase. This process is then followed by condensation that
leads to the formation of nanomaterials after which excess water is removed to determine the
final structure of the material. For instance, ZnO NPs were synthesized by this method using
zinc acetate dehydrate and triethanolamine (TEA) as the precursors. Since experimental
conditions are very important for the synthesis of NPs by sol-gel method, Behnajady et al.
optimized the synthesis parameters such as precursors, solvent percentage, water percentage,
reflux temperature, reflux time, calcination temperature, sol drying method for the fabrication
of TiO, NPs by this method.'®® High photocatalytic activity from TiO, NPs was observed
when they synthesized considering isopropoxide as a precursor, methanol as a solvent and
titanium (IV) under 3 h reflux at 80 °C with sol thermal drying and calcination temperature of
450 °C. Further, the synthesis of size controlled SnO, NPs was demonstrated by optimizing
the calcination temperature and molecular weight of polyethylene glycol (PEG, this is serving
as chemical modifier reagent) using sol-gel method.'® Results suggest that the size of SnO,
NPs decreases with increasing molecular weight of PEG from 300 to 4000 and decreasing the

OC.169

calcination temperature from 600 °C to 450 Goncalves ef al. demonstrated the one-pot

synthesis of CdSe NPs using sol-gel method and realized quantum size effect in fabricated
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NPs, which is important for developing advanced optoelectronic devices.'™ Apart from them
sol-gel is also a promising method for the synthesis of variety of NPs such as metal aluminate

NPs, magnetic Fe-Co NPs, ZnO and Fe,03; NPs, ZrB, NPs, GAVO4 NPs, Ta,0s NPs, etc.'”"”
176

2.2.2. Microemulsion technique: The term microemulsion was first assigned by Schulman
et al. in 1959."7 Microemulsions can be defined as the thermally stable, macroscopically
homogenous, optically transparent and isotropic dispersions constituting minimum of three
components i.e., polar phase (generally water), non-polar phase (generally hydrocarbon liquid
or oil) and surfactant. Surfactant molecules creates the interfacial layer separating the
aqueous and the organic phases, reduces the interfacial tension between the microemulsion
and the excess phase and act as a steric barrier preventing the coalescence of the droplets.'”’
Microemulsion system consists of monodispersed spherical droplets (diameter ranging from
600 nm to 8000 nm) of water-in-oil (w/0) or oil-in-water (o/w) depending on the surfactant
used. The w/o reverse micellar system acts as an excellent reaction site for the NPs synthesis.
Reverse micelle is water-in-oil microemulsion where the polar head groups of the surfactant

creating the aqueous core and resides towards inside whereas the organic tails of the

surfactant molecules directed towards outside as shown in Fig. 9a.

Polar Head Group Adueous Phase

Organic Tail

Add Reactant B
Or Reaction Triggering agent

Oil Phase Microemulsion with Reactant A Diffusion of Reactant B across

. Microemulsion Interface/Triggering agent
Reverse Micelle i i
One Microemulsion Method Initiates the nucleation process

Collision & Coalescence of Droplets
Followed by Intermicellar Exchange Process

Chemical Reaction, Molecular Nucleation and

Growth resulting in Nanoparticles Formation

Microemulsion with Reactant B Two Microemulsion Method

Fig. 9 shows (a) typical Reverse Micelle System, (b) various steps involved in one
microemulsion process and (c) reaction sequence involved in the two microemulsion
nanoparticles synthesis.
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In general there are two microemulsion routes to synthesize the NPs namely 1) one
microemulsion method and the 2) two microemulsion method (Fig. 9b and 9¢).'”® One
microemulsion method can be further divided into two types i.e., energy triggering method
that needs a triggering agent to initiate the nucleation reaction within the single
microemulsion containing the precursor and other is one microemulsion plus reactant method
which is initiated by adding one of the reactant directly into microemulsion already carrying
the second reactant (Fig. 9b). Kurihara et al. have reported the laser and radiolytically
induced colloidal Au NPs formation in w/o microemulsion system with diameter ranging
from 2.5-10 nm.'”® One microemulsion processes are diffusion controlled since the second
trigger/reactant has to diffuse through the interfacial wall of the microemulsion encapsulating
the first reactant to accomplish the NPs synthesis. In two microemulsion method, the two
microemulsions carrying the separate reactants are mixed together in appropriate ratios (Fig.
9c). Brownian motion of the micelles helps them to approach each other resulting in
intermicellar collisions and sufficiently energetic collisions leads to the mixing of the
micellar components. Once both the reactant comes in a same micellar compartment, the
chemical reaction takes place in this nanoreactor. As the critical number of molecules (Nei)
attained inside the micelle, it initiates the nucleation process and results in NPs formation.
Numerous intermicellar collisions are needed for the sufficient reactant exchange, their

mixing and finally their reaction to terminate at the end product.

Microemulsion technique was used most commonly for the synthesis of the inorganic
nanomaterials including metal NPs (Au, Pt, Pd), semiconducting metal sulphite NPs (CdS,
PbS, CuS, Cu,S and CdSe), metal salt NPs (BaCO3;, CaCO; and SrCOj;), metal oxide NPs
(ZrO,, TiO,, Si0,, GeO, and Fe,03), magnetic NPs ((Mn,Zn)Fe;04, (Ni,Zn)Fe,04, ZnFe,O4
and BaFe,09) and composite NPs (CdS-TiO,, CdS-ZnS, CdS-SnO,). Metal NPs were easily
prepared using microemulsion technique using the reduction strategy. Water-to-surfactant
molar ratio (o), type of continuous phase, metal ion concentration, type and concentration of
the reducing agent, structure and amount of the surfactant used are some of the key
parameters that control the metal NPs synthesis effectively.'”’ Boutonnet ez al. have used the
reverse micelle microemulsion strategy to synthesize Pt, Pd, Rh and Ir NPs employing
(H,PtClg, PA(NH>)4Cl,, RhCl; and IrCls, respectively as the precursors with hydrazine (N;Hy)
and active hydrogen as the reducing agent.'” Solla-Gullon et al. have recently reported fast,
easy and scalable production of Pt cubic NPs by reducing H,PtClg with sodium borohydride

using w/o microemulsion process.'®’ They revealed significant effect of introducing varying
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amount of HCI in the H,PtCls/NaBH4 microemulsion system in controlling the shape/surface
of the Pt NPs. Zhang et al. have studied the synthesis of Ag NPs and also investigated the
effect of @ (water/surfactant ratio) on the particle size and their size distribution.'®' Results
revealed that there is continuous decrease in the particle size from ~5 nm to ~1.5 nm with
reduction in the ® value from 15 to 2.5. They also investigated the effect of reducing agent
concentration on the Ag NPs synthesis and leads to the fact that both less and excessive
amount of reducing agent can hinder the synthesis process by affecting the stability of the
colloids.'™® The same group have investigated the effect of increasing surfactant (sodium
bis(2-ethylhexyl) sulfosuccinate; AOT) concentration on the Ag NP synthesis and observed
reduction in the particle size with increasing surfactant amount.'™ Pileni et al have
introduced the synthesis of Cu NPs by reverse micelles using hydrazine as the reducing agent
and revealed the effect of increasing water content in controlling the NPs size and the oxide
content within the NPs structure.'® CdS NPs were synthesized in AOT and triton reverse
micelles with cadmium lauryl sulphate and cadmium AOT as the functional surfactant.'™ The
diameter of the NPs is reported to be dependent on the relative composition of Cd*"and S*
ions. Chen et al. have accounted the synthesis of Ni NPs with average diameter of 4.7 nm
using cationic w/o microemulsion of water/CTAB (cetyltrimethylammonium bromide)/n-
hexanol system by the reduction of nickel chloride with hydrazine at an elevated
temperature.'® Subrata Kundu reported a novel methodology to synthesize shape-selective
Au NPs by reduction of Au (IIl) ions with alkaline 2,7-Dihydroxynaphthalene (DNP) in
CTAB micellar media under 30 min continuous UV-irradiation.'®® The size and shape of the
NPs were reported to be tuned by varying the Au (III): CTAB molar ratio. Similar synthetic
pathway was accounted to synthesize catalytically enhanced shape selective rhodium
nanoparticles (Rh NPs) in the presence of DNP (reducing agent) and CTAB (surfactant)
using 6h UV-irradiation."®” The growth of the NPs with different shapes (spherical, flower-
like or cubic) was found to be directed by the surfactant-to-metal ion molar ratio and the
concentration of DHN. Praharaj et al. also reported the size selective synthesis of Au NPs
with average diameter from 9 nm to 15 nm in toluene employing cationic surfactant of
variable chain length.188 Asher and co-workers developed and demonstrated a novel strategy
to synthesize silica-CdS nanocomposites that allocate tailoring the size and morphology of
the resultant NPs.'"™ Gold-silver bimetallic NPs with varying mole fractions were
synthesized in water-in-oil microemulsions of water/Aerosol OT/isooctane system by co-

reduction of HAuCl, and AgNO; with hydrazine."”® Voucher et al. reported the preparation of
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crystalline NPs of hexacyanoferrate, cobalt Pentacyanonitrosylferrate and chromium
hexacyanochromate coordination polymers in water-in-oil microemulsions.'”' Mandal ez al.
reported the synthesis of bimetallic core-shell Pd-Au and Pd-Ag NPs of the size range of 10-

30 nm using TX-100 micellar system by seed-mediated method. "

Microemulsion technique was not progressed much in term of designing organic NPs due to
phase separation constraint and thus only few reports are available.'” This method is known
to be microemulsion polymerization when it comes to organic structures. Atkin and Thomas
reported first successful microemulsion polymerization in 1981 of latex NPs (average
diameter: 20 nm-35 nm) using CTAB/styrene/hexanol/water oil-water microemulsion
coordination.'”® Three component microemulsion method was described to synthesize
polystyrene NPs within size range of 20-30 nm using dodecyl trimethyl ammonium bromide
(DTAB) and potassium persulphate (KPS) initiator.'”* Holdcroft and Guillet synthesized
polystyrene NPs using pulse UV-triggered microemulsion polymerization."”> Palani et al.
studied the polymerization of MMA using MMA/ethylene glycol dimethacrylate/water
system with acylamide as amphiphile.'”® Organic NPs of cholesterol, Retinol, Rhodiarome,
Rhovanil were also been reported using different microemulsion systems including
AOT/heptane/water, Triton/decanol/water, and CTABr/hexanol/water.””’ Microemulsion
method was also been used to synthesize NPs of conducting polymers including polypyrrole,

polyaniline, polythiophene, etc.'”**"

2.2.3. Hydrothermal synthesis: This method is used to fabricate NPs of metal oxide, iron
oxide and lithium iron phosphate keeping control over the characteristics of particles by
varying the properties of near or supercritical water by using different pressure and
temperature conditions. It can be performed in two types of systems, the batch hydrothermal
or continuous hydrothermal process. The former is able to carry out a system with the desired
ratio phases while the latter allows a higher rate of reaction to be achieved at a shorter period

. 201
of time.

In a chemical solution, NPs are produced from a colloidal system that consists of two or more
phases (solid, liquid or gas states) of matter (e.g. gels and foams) mixed together under
controlled pressure and temperature. The advantage of using this method includes the
capability to synthesize a huge amount of NPs with an optimized size, morphology,
composition and surface chemistry that is rationally inexpensive.””> Du et al. reported the

facile one-pot synthesis of Pt NPs using hydrothermal method and observed excellent
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electrocatalytic activity.zo3 Ma et al. fabricated hydrophilic NaYF4:Yb,Er NPs using this
method and observed good bright upconversion luminescence. They suggested that these
hydrophilic NaYF4:Yb,Er NPs have great potential as luminescent labelling materials for
biological applica1:ions.204 This method was also used for the synthesis of NPs of oxides of
iron, nickel and copper such as Fe;04, a-Fe,03, NiO, CuO, etc.20>207 Hydrothermal is a facile
and fast process for the synthesis of NPs of various other materials such as CoFe,04, Ag,

FeWO,, La,Sr,CrOs, CdS, Zr, ZnO, etc.”**>'*

2.2.4. Polyol synthesis: Polyol process is the synthesis of metal-containing compounds using
poly (ethylene glycol)s as the reaction medium, that plays a role of solvent, reducing agent
and complexing agent at the same time, with dissolved stabilizing/protecting agents.215 This
chemical process was used to synthesize a wide range of metal based NPs (Ag, Pt, Pd, Pr,
Cu), metal oxide NPs (ZnO, Indium-tin-oxide; ITO, Gd,0s, Cu,0), magnetic NPs and metal
hybrid NPs. Xia ef al. reported the synthesis of Pt NPs using polyol process at varying molar
ratio of NaNO; and H,PtCle.*'® They also reported the tailoring of size, morphology and
crystallinity of NPs by slowing down the reduction of Pt(Il) and Pt(IV) species (achieved by
ethylene glycol) mediated by the varying concentration of nitrate ions in the solution which
have a strong tendency to form stable complex with Pt(Il) and Pt(IV). Moon et al. described
the synthesis of spherical Cu NPs (Diameter ~ 45+8 nm) in the presence of
poly(vinylpyrrolidone) as the protecting agent via polyol method.?'” Synthesis of spherical
Ag NPs with controlled size (17 nm £ 2 nm) and high monodispersity was established using
the polyol process.”'® They analyzed the effect of two varied polyol synthesis strategies, one
dealing with the heating of the reaction medium having the precursor dissolved in it and other
with heating the reaction medium receiving the precursor slowly using the injection method,
on the NPs characteristics. Smaller silver NPs with more uniform size were obtained using

the precursor injection method as compared to the precursor heating method.*'®

Xia et al. reported the synthesis of polycrystalline NPs of Cu,O using copper nitrate, ethylene
glycol and poly(vinyl pyrrolidone) as the precursor, reducing agent and the stabilizing agent,
respectively.”'” Morphological transformation of these spherical Cu,0O NPs to nanocubes was
observed by introducing NaCl in the reaction mixture which is explained by the fact that the
added CI" ions play a role in retarding the reduction kinetics, stabilizing the {100} plane of
the Cu,O crystals that inducing the formation of single-crystal nanocubes, which can grow in
size via Oswald ripening. Low temperature synthesis of ITO NPs was carried out by

Jeyadevan and coworkers in polyols and alcohols including ethylene glycol, trimethylene
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glycol and 1-heptanol.220 The NPs characteristics were found to be influenced by the type of
polyol used as the reaction medium. In another work, Moon et al. reported the preparation of
ZnO NPs by polyol method and showed that the amount of water and way of precursor

addition affects the characteristic of the NPs immensely.221 Similarly, the polyol synthesis

method was also used to synthesize NPs of Gd,Os and PrsOy . 222223
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Fig. 10 The morphology evolution of iron oxide NPs in polyol processes using two different
polyols. Adapted from ref. 225.

Polyol process was also employed for developing low temperature strategies to synthesize
magnetic NPs of magnetite, Fe;Oy, etc. 224 Cheng et al. have very nicely described the
effect of two different polyols (ethylene glycol; EG and 1,2-propylene glycol; PG) having
different reduction capability on the morphology evolution of the Fe;O4 magnetic NPs (Fig.
10).** Due to the higher reductive ability of PG, there is faster formation and growth rate for
the NPs leads to Fe;O4 aggregation and generation of more misaligned mesocrystals. In the
mesocrystal, the neighbouring NPs merge together and finally integrate into a single crystal
with a porous structure during the Ostwald ripening process. However, due to relatively

lower NP formation rate in EG, most of the particles got enough time to self-assemble along
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the same orientation in the cluster. Each cluster, with its highly ordered arrangement of NPs,
can be regarded as a single mesocrystal. And this mesocrystal can retain its secondary
structure owing to the lower surface energy. This one-pot facile chemical process can also be

used to design hybrid metal NPs including CoSbs, FeCo, etc.”%*’

2.2.5. Chemical vapour deposition (CVD) & chemical vapour synthesis (CVS): CVD is a
process, which is often used for the deposition of solid films from vapour phase via chemical
reactions occurring at very high temperature condition. Thin films produced by CVD process
at certain conditions also contain ultrafine particles. Hence, the synthesis of NPs can also be
possible by this method if the CVD system is modified/optimized for the conditions given

below:

1) High temperatures (in hot wall reactors)
ii) High supersaturations (high partial pressure of monomers at a low vapor pressure of
the bulk solid)

iii) Long residence times (low gas flows or long reactors)

iv) Small substrates.
Hence, when the process conditions adjusted in such a way that CVD process produces NPs
instead of thin solid films, then the modified process is called as CVS. The process CVS also
termed as chemical vapor reaction (CVR), chemical vapor precipitation (CVP) and chemical
vapor condensation (CVC). In this synthesis method, the precursors that exist in the three
different states (solid, liquid, gas) are produced in the form of vapour in the reactor under an
environment that requires particles to undergo the process of nucleation. In addition, CVS
forms multi-component or doped NPs by the use of a variety of precursors. For instance,
erbium (Er) had been incorporated into Si NPs by the use of precursors such as the
organometallic erbium and disilane compound, and composite NPs are produced by
encapsulating a material within the other (e.g. silicon tetrachloride in reaction with sodium
chloride that result in the formation of sodium chloride-encapsulated silicon particles).”*®
CVS method has been extensively utilized for the synthesis of NPs using a variety of
materials including ZnO, WS,, iron oxide, copper and silicon oxides, Al doped ZnO, fluorine
doped tin oxide, Cr doped ZnO, etc.”*>** Polarz et al. synthesized size selected ZnO NPs (6-
30 nm) by CVS process using the tetrameric alkyl-alkoxy zinc compound
[CH3ZnOCH(CHj3),]4 as the precursor, which was chemically transformed into ZnO through
gas-phase reactions.””’ Hartner ez al. synthesized Al doped ZnO (AZO) NPs by CVS process
using diethylzinc (DEZn) and triethylaluminum (TEAI) as precursors for Zn and Al,
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respectively, while He gas was chosen as carrier gas.23 0 Oxygen gas with constant flow rate
of 1000 sccm was inserted in alumina tube with an inner diameter of 19 mm, and temperature
and pressure of the system was kept at 1073 K and 20 mbar, respectively. With these
conditions, high quality AZO NPs were synthesized and their particle size was found to
decrease with increasing the Al concentration. In comparison to other processes, CVS process

has following advantages for the synthesis of AZO NPs:

1) In contrast to wet synthesis, CVS process allows high percentage of Al doping in ZnO.

ii) CVS process can produce NPs at higher growth rate, leading to reduction of the cost
of the material.
iii) CVS produced AZO NPs with high crystallinity.
iv) Unlike other chemical process, CVS process avoids the use of additional step which is
the removal of organic contaminant after the synthesis.

Jin et al. reported the synthesis of Cr doped ZnO (CZO) NPs using CVS process.”' Their
CVS system was splitted into two zones for evaporation and subsequently pyrolysis of the
precursors. Zinc acetylacetonate (Zn(acac);) and chromium acetylacetonate (Cr(acac)s) were
used as precursors for the synthesis of CZO NPs. These precursors were evaporated from
alumina boat at low temperature first zone and then transported through He carrier gas into
high temperature second zone for pyrolysis and oxidizing at 1173 K. It should be noted that
the temperature in first zone was kept at 493 K for pure ZnO NPs, and changed to 423 K for
CZO NPs. The crystallographic and microscopic analysis revealed that the size of pure ZnO
NPs was ~ 19 nm, which was decreased to ~ 6 nm in case of CZO NPs with Cr concentration
of 6 at.%. Suffner et al. demonstrated the synthesis of fluorine doped SnO, (FTO) NPs using
CVS method.** Tetramethyltin (TMT) and Difluoromethane (DFM) were used as the
precursors, while oxygen and helium were used as the reactive and carrier gases, respectively,
for the synthesis of FTO NPs. The flow rate of TMT, oxygen and helium was kept constant at
25 scem, 1500 scem and 150 scem, respectively, while it was changed from 0 to 1.5 sccm for
DFM in order to synthesize pure tin oxide (TO) NPs and FTO NPs. The chemical reactions
for the synthesis of these NPs occurred at temperature and pressure of 1200 °C and 15 mbar,
respectively. When synthesized at DFM flow rate of 1.5 sccm, size of FTO NPs were found
to be in the range of 3 to 10 nm. The synthesized ZnO, AZO, CZO and FTO NPs can find
wide electronic and optoelectronic applications.
Using atmospheric pressure CVS (APCVS) process, Lahde et al. reported the synthesis of Cu
NP composite in an amorphous silicon dioxide (a-SiO;), where Cu NPs were either coated

with a-SiO, or embedded in a-SiO, matrix.”*> In order to prepare NP composite structure
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using APCVS, first step was to synthesize metal-organic precursor. They synthesized metal-
organic precursor [CuN(SiMe;),]4), also called as Cu(l), using standard process. The ARCVS
system, which was used for synthesis of NP composite, included different zones such as:

i) Precursor feeding zone

ii) Heating zone

iii) Dilution and cooling zone

iv) Sampling and particle collection zone
Using a heat bath, the synthesized Cu(I) precursor was vaporized at temperature between 100
and 250 °C. The pre-heated (100-250 °C) pure nitrogen or a mixture of hydrogen (10%v) and
nitrogen was used as carriers, while the flow rate was kept to be 0.3 L/min. After this,
precursor vapor was transported to heating zone of system and mixed with nitrogen at flow
rate of 1.8 L/min at temperature 800 °C. However, at the exit point of the heating zone the
aerosol was diluted with nitrogen at the flow rate of 10.4 L/min to quench the particle.
Finally, the particle sampling and collection was done from the gas phase. Inclusion of
hydrogen in nitrogen gas significantly affected the structure of NP composite. In pure
nitrogen atmosphere the Si/SiO, protective coating was formed around the Cu NPs. While in
mixed hydrogen/nitrogen environment, the Cu NPs were embedded in SiO, matrix.
Schematic showing the mechanism of formation of NP composite in pure nitrogen and mixed
nitrogen/hydrogen atmosphere is depicted in Fig. 11.
Further Lee et al. reported the fabrication of fullerene-like WS, NPs using CVS process.**
The W(CO)¢ was used as precursor for tungsten (W), which was decomposed in the
temperature between 420 and 1000 °C. The evaporation temperature was varied from 80 to
110 °C at flowing He gas with varied flow rate from 2000 cc/min up to 4000 cc/min. In order
to form WS, NPs, the decomposition of tungsten hexacarbonyl W(CO)s was performed in the
presence of sulphur vapour with their partial pressure varied from 0.02 to 0.04 atm. Finally,
at optimized conditions, the CVC process produces fullerene-like WS, NPs having mean
particle size in the range from 20 to 70 nm.
CVS process was also used widely for the synthesis of iron oxide NPs of mean particle size

from 80-90 nm and various other metal oxide NPs.?*>%%¢
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Fig. 11 Schematic representation of formation of Cu-Si/SiO, NPs by APCVS process.

Reproduced with permission from ref. 233.

2.2.6. Plasma enhanced chemical vapour deposition (PECVD): Plasma enhanced chemical
vapour deposition, also called as plasma assisted chemical vapour deposition (PACVD), is a
popular CVD process which is widely used for the deposition of thin films. PECVD process
can also be used for the synthesis of NPs. As the name suggests, plasma enhances the
chemical reactions for the synthesis of thin films and NPs. PECVD unit mainly includes: 1)
vacuum processing system, 2) gaseous precursors, 3) power supply (AC or DC) and 4) heater.
Unlike usual CVD process, the synthesis of thin films and NPs by PECVD takes place at
comparatively lower temperature. As the plasma is partially ionized gas, ionized species and
radicals participate in growth of thin films and NPs. Synthesis of NPs of several types of
materials was demonstrated by PECVD. Shimada et al. reported the synthesis of gallium
nitride (GaN) NPs by microwave plasma enhanced chemical vapour deposition
(MPECVD).*” Schematic of the MPECVD system is shown in Fig. 12a. For the synthesis of
GaN NPs, trimethylgallium (TMG) was used as a precursor for Ga, while nitrogen and

ammonia (NH3) were used for nitridation. Various parameters such as antenna length, power
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and operating pressure were varied to optimize the input parameters. Using 5 X 10 vol. %
TMG at operating pressure of 20 kPa, the decrease in size of GaN NPs with increase in
microwave power was demonstrated. Average particle size of 7.3, 5.6 and 5.2 nm was

achieved using microwave powers of 800, 1000, 1200W, respectively.
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Fig. 12 (a) Schematic of MPECVD system and (b) possible mechanism of growth of NPs at
low and high powers. Reproduced with permission from ref. 237.

The mechanism involved in the synthesis of NPs of varied sizes is depicted in Fig. 12b. At
low input power, the plasma reactivity remains low causing slow chemical reaction rate and
hence, results in the formation of monomers. Because of slow reaction rate, relatively small
number of nuclei are formed and at the same time significant amount of unreacted precursor
molecules exit. When large numbers of unreacted species condense and react with relative
small number of nuclei, the size of the resulting particles becomes larger. However, at higher
power the plasma reactivity and chemical reaction got enhanced, leading to formation of
more nuclei and disappearance of unreacted species. Under this condition the coagulational
growth can be prevented and formation of small size NPs would be possible. Thus, the size
of GaN NPs can be efficiently controlled by the input power. Dwivedi et al. used PECVD
method to synthesize hard carbon nanoparticle based films by tuning the self-bias,
introducing different doping strategies and using metal/carbon bi- and multilayer designs;

where nitrogen was used as foreign atoms while Ti, Cu and Ag were used as metal layer in
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metal/carbon bi- and multilayer structures. ¥4 Designed carbon nanoparticles films showed
excellent electrical, field emission, optical and mechanical properties with potential

applications in the field of emission devices, protective coatings, solar cells, etc.

The synthesis of carbon NPs and hydrogenated Si NPs was also reported by MPECVD and
radio frequency PECVD (RF-PECVD) techniques, respectively.”*?* Yun et al
demonstrated the synthesis of silica NP array on flexible polymer substrate using PECVD

process involving following two steps>*’:

i) Pre-plasma treatment of polymer surface followed by

ii) Coating of silica NPs array
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Fig. 13 Plasma pre-treatment for creation of polymer protrusions. (a) Schematic diagram and
(b—d) cross section as well as (e-g) plane view FE-SEM images showing the effect of
treatment time on aspect ratio of formed polymer protrusions. (h) AFM line profiles and (i)
the corresponding quantitative data of the protrusions (h and d) with plasma treatment times.
Reproduced with permission from ref. 247.

To perform plasma pre-treatment, the polymer substrate (polyethylene terephthalate; PET)
was placed on electrode housed in vacuum system (base pressure of 6.7 Pa). The plasma pre-
treatment was performed on PET at constant RE power of 200 W (1.1 W cm™), working
pressure of 22.7 Pa and Ar flow rate of 50 sccm, while the plasma treatment time was varied.

The Ar plasma pre-treatment of the PET surfaces led to the formation of polymer protrusions
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due to morphological modifications of polymer chains as shown in Fig. 13. Height of
protrusions (h) and the distance between neighbouring protrusions (d) was found to increase
continuously with increasing pre-treatment time from 1 min to 7 min (Fig. 13). Subsequently
silica NPs are deposited on pre-treated polymer surfaces by plasma polymerization of
hexamethyldisiloxane (HMDSO). First in evaporator, the vapors of HMDSO are formed by
thermal evaporation of precursor liquid HMDSO at a heating temperature of 130 °C and then
they are mixed with O, and Ar gases at a flow rate ratio of HMDSO: O,: Ar = 1.8: 10: 100
before entering into the synthesis chamber. Finally silica NPs are grown having O: Si atomic

ratio of 1.9-2.0. Fig. 14 shows the growth of silica NPs on pre-treated polymer surfaces.
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Fig. 14 (a) Schematic showing the role of pre-treated polymer surfaces on the synthesis of
silica NPs. (b—d) Cross-sectional and (e—g) plane view FE-SEM images of silica NPs formed
on pre-treated polymer surfaces. (h—j) High magnification cross-sectional FESEM images of
silica NPs formed on pre-treated polymer surfaces for different treatment times of (h) 1 min,
(1) 3 min, and (j) 7 min. Reproduced with permission from ref. 247.

Of note, plasma pre-treatment time of polymer surfaces significantly affects the growth of
NPs. As the polymer protrusions reduce with increasing plasma pre-treatment time, the
density of the formed silica NPs also reduces with increasing plasma-pre-treatment time. The

globular silica NPs synthesized by this method showed excellent antireflective property.
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2.2.5. Chemical methods for the synthesis of graphene oxide nanoparticles: Recently,
graphene oxide nanostructures received wider attention owing to their multiple applications
including drug delivery, catalysis, cell therapy, environmental monitoring, biosensors, field
emission transistors, clean energy devices, etc.”* Considering their broad range applicability,
this section on the synthesis of graphene oxide nanoparticles (GON) has been included here
to enhance the comprehensiveness of the present review. In most of the reports available,

2% Zhao et al.

modified Hummers methods have been used to synthesize GON of varied sizes.
adopted modified Hummers method to synthesize nearly spherical GON with nearly
monodisperse size of 43.36 + 8.42 nm from graphite powder.”® Authors have further

functionalized the GON with cytamine modified PEGylated alginate to design drug delivery

platform for tumour microenvironment-responsive triggered release of doxorubicin. Jana et al.

synthesized Tris (nitrilo Tris-acetic acid), Tris-NTA, functionalized GON using modified
Hummers method with average particle size of 213 nm which can reconstitute kinesin
mediated intracellular cargo transport and can deliver multiple proteins and therapeutic
antimitotic dodecapeptide peptides into the cancer cell.”" Authors used similar strategy to
fabricate dual functionalized GON employing Tris-NTA and biotin for cellular delivery of
oligohistidine- and biotin-tagged biomolecules.”* Lee et al. reported the synthesis of GON
with the size of 30 nm by first exfoliating graphite into graphene oxide using modified
Hummer method followed by their ultrasonication.”® These tiny GON have been shown to be
applicable as non-bleaching optical probe for two photon luminescence imaging and cell

therapy.

2.3. Bio-assisted methods for the synthesis of nanoparticles

Bio-assisted methods, biosynthesis or green synthesis provides an environmentally benign,
low-toxic, cost-effective and efficient protocol to synthesize and fabricate NPs. These
methods employ biological systems like bacteria, fungi, viruses, yeast, actinomycetes, plant
extracts, etc. for the synthesis of metal and metal oxide NPs. Bio-assisted methods can be

broadly divided into three categories:
i) Biogenic synthesis using microorganisms
i) Biogenic synthesis using biomolecules as the templates

ii1) Biogenic synthesis using plant extracts
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i) Biogenic synthesis using microorganisms

Prokaryotic bacteria, actinomycetes, fungi, algae and yeast are extensively used as bio-
reactors for the synthesis of NPs. Enormous scientific efforts were made to develop this
strategy of producing a variety of NPs (Ag, Au, Pd, TiO,, CdS, etc.). Microorganisms grab
target ions from their environment and then turn the metal ions into the element metal
through enzymes generated by cellular activities. This synthesis can be classified into
intracellular and extracellular depending upon the location of NP synthesis. The intracellular
method involves transporting of metal ions into the microbial cell to form NPs in the
presence of enzymes. The extracellular synthesis of NPs involves trapping of metal ions on
the surface of the cells and reducing ions in the presence of enzymes.”>* Bacteria utilize a
number of anionic functional groups, proteins and enzymes, reducing sugars, etc. in bacterial
biomass to reduce interacting metal ions. Bacterium S. aureus was used for the extracellular
synthesis of bioactive Ag NPs with antimicrobial activities.”> Boon et al. described non-
enzymatic production of Ag NPs using biomatrix of the bacteria both as the reducing and the
capping agent.”® The presence of anionic functional group rich cell wall around the gram-
positive bacteria constituting of peptidoglycan, teichoic acids, lipoteichoic acids, proteins,
and polysaccharides acts as sites for the biosorption and subsequent reduction of silver
cations. Lactobacillus bacterium was used as the biofactories for the synthesis of TiO, NPs

with size ranging from 40-60 nm.*’

Gunasekaran et al. reported the isolation of new hyper
metal resistant Bacillus cereus PGNI bacterial strain that form intracellular crystalline Ag
NPs.**® Bacterial system was also employed to synthesize semiconducting CdS nanocrystals
(wultzite crystal structure).”> In another interesting report, authors explored the potential of
marine bacteria for the production of AuNPs.**

Fungal-mediated green chemistry approach for the synthesis of NPs has many advantages
like higher bioaccumulation, economic viability, easily scaled up synthesis method due to
simple downstream processing and biomass handling. In this context, Mukherjee et al.
demonstrated a fungal-assisted biological method to synthesize silver NPs using fungus
Verticillium.*®' Exposure of the fungal biomass to the aqueous Ag' ions leads to their
intracellular reduction to silver NPs of dimension 25 + 12 nm. Microscopic investigation
reveal mycelia surface as the predominant site for the NPs synthesis which is mediated by the
enzymes available on the mycelia cell wall. Biosynthesis of Ag NPs was also reported using

Aspergillus terreus fungus and herein the speculated mechanism is reported to be NADH

dependant enzyme catalyzed extracellular reaction process.”®* There are number of other
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reports available on the biosynthesis of Ag NPs using versatile fungal species including
Pleurotus Ostreatus, Aspergillus flavus, Bryophilous Rhizoctoni, etc.***** Owiais and co-
workers synthesized Au NPs (20-40 nm) employing candida albicans mediated bioreduction
strategy.266 The mechanism of fungal biosynthesis of Au NPs is very well explained by
Kitching et al.**’ Bansal et al. demonstrated the biotransformation of amorphous silica in
cheap agro-based rice husk to nanocrystalline silica (2-6 nm).”*® There are several reports on
the NPs biosynthesis of megnatite, TiO, and ZrO, using various fungal species.”*”>""

Yeast and actinomycetes also established their applicability for the bio-inspired synthesis of
NPs. Yeast is an eukaryotic microorganisms belonging to the fungi kingdom. Kowshik et al.
reported bulk extracellular synthesis of silver NPs (2-5 nm) using silver tolerant yeast strain
MKY3.*"* Kandasamy et al. shown the applicability of Hanensula anomala species to reduce
gold salt generating AuNPs.”” Yarrowia lipolytica was also reported as efficient reducing
agent for AuCly to produce gold NPps.*™ Carboxyl, hydroxyl and amide groups on the cell
surface are anticipated to be responsible for AuNPs synthesis. Yeast was also reported to be
useful in the synthesis of Cd and PbS NPs using Candida glabrata and Rhodosporidium
diobovatum species, respectively.”’>?"® Enriched with various enzymes, actinomycetes have
been for the reduction of AuCly to generate Au NPs (8 nm) by Thermomonospora sp.*”’
Torres-Chavolla et al. reported the synthesis of comparatively larger monodispersed Au NPs
(30-60 nm) in the presence of Thermomonospora curvata, Thermomonospora fusca and
Thermomonospora chromogena species.””® Table 4 lists various NPs synthesized using a

variety of microorganisms.

Table 4 Various microorganisms reported to be involved in the synthesis of different types of

NPs.
Microorganism Type of Size of Mode of Reference
Nanoparticles Nanoparticles Synthesis
Staphylococcus aureus Ag NPs 160-180 nm Extracellular 255
Bacillus cereus Ag NPs 4-5 nm Extracellular 258
5 Marinobacter pelagius Au NPs 2-10 nm Extracellular 260
= Actinobacter sp. Au NPs 50-500 nm Extracellular 279
S Enterobacter sp. Hg NPs 2-5nm Intracellular 280
g Lactobacillus TiO, NPs 40-60 nm Extracellular 257
Escherichia coli CdS QDs 2-5 nm Intracellular 259
Escherichia coli CdTe QDs 2-3.2 nm Extracellular 281
Verticillium Ag NPs 25+12nm Intracellular 261
—_ Aspergillus terreus Ag NPs 1-20 nm Extracellular 262
% Bryophilous
=) Rhizoctoni Ag NPs 20-50 nm Extracellular 263
= Aspergillus flavus Ag NPs 8.92+1.61 nm Extracellular 264
Pleurotus ostreatus Ag NPs 8-50 nm Extracellular 265
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Fusarium oxysporum Au NPs 8-40 nm Extracellular 282
Fusarium oxysporum SiO, NPs 2-4 nm Extracellular 268
Fusarium oxysporum Magnetite NPs | 20-50 nm Extracellular 269
Fusarium oxysporum TiO, NPs 6-13 nm Extracellular 270
Fusarium oxysporum ZrO, NPs 7-8 nm Extracellular 271
MKY3 Ag NPs 2-5 nm Extracellular 272
% Candida albicans Au NPs 20-40 nm Extracellular 266
&= | Hansenula anomala Au NPs 14 nm Extracellular 273
N7 a lipolytica
Q | Yarrowia lipoly
& E NCIM 3589 Au NPs 9-23 nm Extracellular 274
§ O | Candida glabrata CdS NPs 2 nm Intracellular 275
= Z | Rhodosporidium
5 diobovatum PbS NPs 2-5 nm Intracellular 276
< | Thermomonospora sp. Au NPs 8 nm-40 nm Extracellular 277
Rhodococcus sp. AuNPs 5-15 nm Intracellular 283

Abbreviations: NPs- Nanoparticles, QDs- Quantum Dots

2.3.2. Biomolecules as templates to design nanoparticles

Various biomolecules like nucleic acids, membranes, viruses and diatoms were used as
templates to synthesize NPs. DNA is widely known as an excellent biomolecular template
that has a strong attraction with transition metal ions. It was shown that DNA hydrogel could
be made and crosslinked before incorporating transition metal ions (e.g. gold, Au(IIl) metal
ions) to DNA macromolecules that eventually lead to the formation of Au NPs. The process
involves a reduction of Au(Ill) leading to the formation of Au atoms and metal clusters that
develop into Au NPs on the chain of DNA.?* Kundu et al. reported the synthesis of wide
variety of NPs and nanoparticles assemblies using DNA as the templates or organic
scaffolds.”®>% They accounted a DNA-mediated strategy to synthesize highly stable wire-
like clusters of Ag NPs with average particle size of the 17 = 3 nm and inter-particle gap of
~1.7 £ 0.2 nm for their potential applicability as ultrasensitive SERS substrates.”® These Ag
NPs assemblies grown over DNA chains have also been shown to possess good catalytic
activity towards the reduction of aromatic nitro compounds.”®® An electroless, photolytic,
DNA-mediated method was described to synthesize gold nanoclusters (10-40 nm) and
continuous long nanostructures (Diameter: 40-70 nm) with the nanostructures exhibiting

resistivity equivalent to the pure metals.”’

In another report, authors demonstrated synthesis
strategy to design shape-sensitive ZnO nanoparticles with various morphologies (wire-like,
~150 = 15 nm; flake like, ~80 = 10 nm; flower like, ~350 = 50 nm) using DNA as bio-

template for dye sensitized solar cell applications.”*®

Attempts were also made to design
organosols of Os NPs and 3-MnO, NPs using DNA as scaffolds via homogenous reduction

route with their promising applications in catalytic hydrogenation and oxidative
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polymerization of pyrrole, respectively.zgg’290 DNA was also been used as scaffolds to grow

self assembled NiWO,4, ZnWO,4 and MnWO, nanoparticles with different morphologies.

291-293

Fast, electroless, UV-irradiation-/microwave-assisted methods with DNA as educing as well

capping agent was also been reported to synthesize continuous, electrically conductive

nanowires of Au, Pd and CdS which can be used as the building blocks for functional

. SRR . 36294297
nanodevices, miniaturized computers, sensors and optoelectronic applications.” Table

5 compiled self-assembled nanoclusters of versatile nanoparticles synthesized by using DNA

as bio-template or scaffold.

Table 5 Self-assembled nanoclusters of different nanoparticles synthesized using DNA as

template or scaffold.

Self Assembled Shape of Dimensions Applications References
Nanocluster of | Nanocluster
Ag NPs Wire Like ¢ép = 17 £ 3 nm, | As  Ultrasensitive 285
IPD=1.7+0.2nm | SERS substrate
Os NPs Wire Like dp ~ 2+ 0.5 nm, ¢, ~ | Catalysis and SERS 298
290+20 nm
Honeycomb op = 1.5+ 0.2 nm, ¢y,
Like =400 nm
Os NPs wire like dép = 2.6 £ 0.2 nm, | Catalysis and SERS 289
(Organosol) L=0.54+0.03 pm
aggregated op=1.2 £ 0.2 nm, L
wires = 8—10 micron
ZnO NPs Wire-Like dp =150 + 15 nm Catalysis and 288
L=1-2pum Dye-Sensitized
Flower-Like dp =350+ 50 Solar Cells
Flake-Like ¢p =80+ 10 nm
B-MnO, NPs | Wire-Like L = 1.9 £ 0.2 mm | Catalysis and 299
dp=35+ 5nm supercapacitor
Flake-Like L =275+ 25 nm
op=25+ 5nm
TiO, NPs Wire Like | ¢p = 15 + 5 nm | Supercapacitor and 300
Cluster ¢c=180+ 20nm | dye sensitized solar
(Large) cells
Wire Like | ¢p = 10 + 2 nm
Cluster dc =40 £ 5nm
(Small)
NiWwO,4 NPs Chain Like |[L = 2 £ 0.2 um | Catalysis and 291
(small) dc = 175 £ 15 nm | Supercapacitor
dp=20 &= 5nm
Chain ~ Like |L =34 + 0.2 um
(Large) dc =245 £+ 15 nm;

dp=26 = 4 nm
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ZnWO4NPs | Aggregated, ép = 75 £ 5 nm | High Performance 292
Chain Like ¢c = ~75 £ 15 nm | Supercapacitor and
L=~3pum Catalysis
MnWO4NPs | Wire-Like ¢ép = 75 =+ 15 nm, | magnetic, catalysis 293
L = 700 nm and supercapacitor
Flake-Like | L =90-180 nm studies
Rice-Like L=90 £ 10 nm
Op 25 +=5nm

Abbreviations: AgNPs- Silver Nanoparticles, NPs- Nanoparticles, ¢p- Particle Diameter, ¢c- Chain
Diameter, ¢w-Wire Diameter, L-Chain Length, SERS-Surface Enhanced Raman Spectroscopy

Likewise, owing to the presence of ultra-fine pores in their structure, biological membranes
were also utilized as templates to design NPs. Rubber membrane made from the Hevea
brasiliensis trees was used as a preservative in the production of Au NPs synthesized at the
surface of membranes through the reduction of Au(Ill) in a solution at 80°C for various

reaction times.>"!

Alternatively, a uniform size and morphology of NPs could be obtained by
the use of viruses as they contain hollow spaces in the center that can be used as the template
for production of particles.3 % Diatoms such as Amphora-46 was also reported to synthesize
polycrystalline Ag NPs of size ranging 20 to 25 nm under the exposure to light. This process
is done by the utilization of its extract and silver nitrate (AgNOs3), in which the presence of a
pigment known as fucoxanthin reduces the Ag ion that leads to further production of Ag

NPs 303
2.3.3. Plant extracts for nanoparticles synthesis

Biosynthesis of NPs using plant extracts or plant biomass is one of the very effective, rapid,
clean, non-toxic and eco-friendly methods. This method has been utilized predominantly to
synthesize NPs of noble metals, metal oxides, bi-metallic alloys, etc.’™ Yun er al. have
adequately demarcated various plant biometobolites that could help in the preparation of NPs
based on their valuable role as reducing agents and capping agents. The mechanism for the

phytosynthesis of metal NPs is given in Fig. 15.°”
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Fig. 15 Mechanism for the biogenic synthesis of metal NPs using plant extract. Reproduced
with permission from ref. 305.

Kinetics of phytosynthesis of NPs is comparatively much higher to that of other biosynthesis
methods and sometime equivalent to the rate of chemical routes. Shanker et al. reported the
preparation of gold nanotriangles by treating the lemongrass leaf extract with the aqueous
AuCI ions.*® Similarly the leaf extract of different plants like Tamarindus indica, Aloe vera,
Emblica Officinalis, etc. were reported to be useful for designing Au NPs.**’?% Few-
nanometer sized Pd NPs and Pt NPs were prepared using the extract taken out from various
parts of different plants.’'®*'" Shanker et al. also reported highly concentrated Ag NPs
obtained from the leaf extract of Azadirachta indica and from the fruit extract of Embalica
oﬂicinalis.3 093121 i et al. and Leela ef al. used the leaf extract of Aloe vera, Capsicum annum
and Helianthus annus for the efficient synthesis of Ag NPs.>"**'* Extracellular production of
Cu NPs was carried out using stem latex of Euphorbia nivulia (medicinal plant) which were
found to be stabilized by the peptides and terpenoids present within the latex.*" In a very
interesting report, Seraphin ef al. demonstrated the synthesis of In,O; NPs (5-50 nm) using

plant extract from Aloe vera.’'® Furthermore, Hou et al., synthesized wurtzite ZnO NPs from
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Zn-hyper-accumulator plant Sedus alfredii with mean size of 53.7 nm.*"” Ascencio et al.
reported the bio-assisted synthesis of iron-oxide NPs by using the biomass of Medicago

sativa (alfalafa) plant.3 18

Glutathione, an antioxidant tripeptide in plants, animals, fungi and
archaea, was reported to design well-ordered aggregates of Au NPs by favouring the inter-
particle interactions.’” Kundu and Nithiyanantham also demonstrated the in-sifu fabrication

of shape-selective silver nanostructures using curcumin as stabilizing and reducing agent.**
2.4. Key Applications of Different Nanoparticles

NPs have wide range of applications from electronic, optoelectronic, magnetic, data storage,
energy and energy storage, nanomedicines, bioimaging, etc. We compiled the key

applications of commonly used NPs in Table 6.

Table 6 Key Nanoparticles and their important Applications in various scientific fields

Ag Nanomedicines: antibacterial agent (healthcare, food technology, textile coating,
environmental cleaning, water disinfection)’>', wound healing,*****cancer
therapeutics®>*.

Diagnosis: designing highly sensitive biosensor electrodes/chips®*’, biological tagging
for quantitative detection’.

Solar cells*”’, electroluminescent displays®*, optical sensors, surface enhanced
Raman spectroscopy”>"**’

To generate eco-friendly electrical contacts for electrical devices™™’.

Supercapacitors’

. 331286
Catalysis™

Au Nanomedicines: drug and gene delivery”*”, hyperthermia-assisted cancer
phototherapy®*****, photodynamic therapy™*.

Biosensors: highly sensitive pptical’*®, electrochemical’®’ and plasmon resonance
biosensors™*®.

Sensors”

Ex-vivo and In-vivo bio-imaging®*’: two photon luminescence imaging, magnetic
resonance imaging, photoacoustic tomography, Raman imaging, etc.
Antibacterial agents**

Solar Cells**', Energy Storage Devices”

. . P— . kZ9) 3
Fe Biomedical applications: Biosensors,”~ MRI contrast enhancement,

hyperthermia®*

Magnetic and electrical applications: Magnetic recording media, soft magnetic
materials, motors

Catalytic applications

Pt Biomedical applications: affinity probe for the detection of small biomolecules,”*
Catalytic nanomedicines,’** biosensors’*’

Catalysis®**

Solar Cells**
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Pd

Surface enhanced Raman scattering and electrocatalysis™

Catalysis™"
Antibacterial Activity
Fuel Cells™”
Biosensors”™*

352

Electronic/Optoelectronic™

CGOZ

Potential regenerative antioxidant™>
Therapeutic applications for reactive oxygen species (ROS)-related diseases e.g.

. e J . 356357
Cancer, diabetes, arthritis, infertility, macular degeneration™

. . . 355
Catalytic convertor for removing toxic gases

Solid oxide fuel cells®>
Biosensors®®
Photocatalysis'*

Antibacterial activity””

TiO,

321, 360

Drug delivery
For cell delivery®®
Antimicrobial coatings

As UV filters in sunscreens
363

362 toothpaste, cosmetics, etc.

Biosensors

Zn0O

Solar cells™®

Photocatalytic and hygienic coatings’®®

Biosensors**

Important additive for different cosmetics, ointments and food products.
Cure activator for rubbers of different kinds*®’

Antibacterial®

FCQO3

Due to its excellent magnetic properties, they are being used in magnetic seals and
inks, magnetic recording media, catalysts, and ferrofluids.’®®

Development of immunoassays, magnetic resonance imaging contrast agents, and
targeted drug delivery vehicles, as well as in magnetic hyperthermia.*®

CdS

As fluorescent probes’ "’

Optical, electrochemical and photoelectrochemical biosensors
Solar cells’”
Photoluminescence devices’”*

371,372

CdSe

Solar cells™* "

Light emitting diodes™*"°

Magnetic
Nanoparticles

Biomedical applications: Gene delivery’’’, Magnetic resonance imaging,’’® Magnetic
carriers for bio-separation®”’
Catalyst supports™*’

Upconversion
(Lanthanides)
Nanoparticles

In-Vivo Cell Imaging™'

Near-infrared photodynamic therapy”**

Light Nanotransducers for photoactivation applications’™
Solar Cells®™*

Carbon
Nanoparticles

Cancer diagnostic and therapy’>~"°

Antibacterial®™’

Lithium sulfur batteries®®®

Designing of fluorescent imaging probes®*’
Catalysis®

Solar Cells, Protective Coatings and Emission devices™*>*
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248,251,252

Graphene Oxide | For cell delivery
Nanoparticles | In drug delivery for cancer therapeutics®”

Non-bleaching optical probe for two-photon luminescence Imaging”

Cell therapy”>

391

3

Biosensors

Polymeric NPs | Nanomedicines and Drug Delivery” "

Fluorescent polymeric NPs for cell imaging®”
Photoacoustic Imaging™®

. 200
Biosensors

3. Conclusions and Future Prospects

Since the inception of NPs over half a century ago, scientists are continuously exploring
advanced novel methods of synthesizing NPs with the optimal size and morphology that
would be beneficial for various disciplines. To engineer and fabricate an ideal size and
morphology of NPs, depending upon their application/use, diverse range of physical,
chemical or biological methods are already available. In this review, we provided a
comprehensive overview of the commonly employed/explored strategies for the synthesis of
NPs in term of their working principle, NPs designing stratagem and relevant literature. It is
anticipated that this review will act as a guide article for the researchers to selectively choose
particular synthesis strategy for designing the desired NPs with particular material type, size,

surface properties, targeted application, etc.

Owing to its enormous technological potential, nanoparticles research is at the forefront.
Being a leading nanomaterial in targeted drug delivery and nanomedicines, precise size with
specified surface characteristics are the key desirables during nanoparticle synthesis. Cell
toxicity, potential target, drug release profile, cost-effectiveness, etc. are the key concerns
which are needed to be taken care of by the optimization of size and surface properties of
nanocarriers by selecting appropriate synthesis methods. Electrospraying is growing
enormously as a dry technique to design polymeric nanoparticles without using any
hazardous chemicals. It provides prospects to develop nanoformulations incorporating
drugs/growth factors/biomolecules with versatile structural designs like core shell NPs,
hybrid NPs, composite NPs, etc., that will be useful in drug delivery, tissue engineering,
biosensors, etc. Furthermore, electrospraying is still almost unexplored for the production of
metal and ceramic nanoparticles. Plasmonics, optoelectronics, information and data storage,

etc. are also the key areas where the synthesis strategies for the scalable production of
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nanoparticles needs to be further explored and optimized which can help to develop

economically viable technologies.
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