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Abstract

Day by day augmenting importance of metal nanoparticles in the versatile fields like,
catalyst, electronic, magnetic, mechanic, optical optoelectronic, materials for solar cell
and fuel cell, medical, bioimaging, cosmetic, ultrafast data communication and optical
data storage, etc, is increasing their value. Nanoparticles of alkali metals and noble metals
(copper, silver, platinum, palladium, and gold, etc.) have a broad absorption band in the
visible region of the electromagnetic spectrum of light, because the solutions of these
metal nanoparticles show the intense color, which is absent in their bulk counterparts as
well as their atomic level. The main cause behind this phenomenon is attributed to the
collective oscillations of the free conductive electrons that are induced by an interaction
with electromagnetic field. The whole incidence is known as localized surface plasmonic
resonance. Out of these, we have selected the silver nanoparticles for the studies. In this
article, we will discuss the synthesis, characterization, and application of the silver
nanoparticles. Future prospective and challenges in the field commercialization of the
nanosilver is also discussed.

Keywords: silver nanoparticles, particle size, localized surface plasmonic resonance
(LSPR), characterization, application

1. Nanoparticles: an introduction

In a particle world, nanoparticles had attracted an immense attraction of the scientific world
due to their large surface area to volume ratio and high reactivity with unmatchable proper-
ties. Greek Nano word used for “dwarf” means one-billionth. Nanoparticles can be served as a
strong bridge between the bulk materials and atomic or molecular structures. A bulk material
has constant physical properties regardless of their size and shape, but at the nanoscale, the
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size, morphological substructure of the substance, and shape (as well as aspect ratios) are the
major driving factors for changing their biological, chemical, and physical properties. Because
at the nanoscale, the materials behave differently and they emerge with few novel characters in
themselves, such as some of the materials become explosive (for example, aluminum) or their
melting point changes (for example, silver and gold) or a new property is revealed (for
example, nanosilver possess the antibacterial character and becomes an odor eater).

1.1. Salient features of nanomaterials

The novel properties of nano-objects occur due to the changes in size and scale. Surface area to
volume ratio of the particle depends on the size and shape of an object; here, the size of the
nanoparticle is very small in at least one dimension. Nanoparticles exhibited some extra
phenomenon, i.e.,, random motion of the small particles, quantum tunneling, discreteness of
energy, uncertainty of the matter, duality nature of mass, and energy for wave particles, etc.
Moreover, the gravity becomes a markedly less significant force at the nanoscale, while the
Vander Waals forces became incredibly strong. Therefore, the Vander Waals forces make the
materials “sticky” [1]. Due to the reduction in the spatial dimension, confinement of these
quasi particles in a particular crystallographic direction within a structure generally leads to
changes in physical properties of the system in that direction. Some qualities (gravitational
forces, vapour pressure and boiling point) of the nanoparticles decreases with their particle
size and became insignificant at nanoscale because the electromagnetic force of protons is 10°°
times stronger than gravitational forces. Here, quantum mechanics dominates in place of
classical mechanics. Nanomaterials are changing their electrical, optical, surface-related,
mechanical, and magnetic properties at nanoscale and exhibits some prominent effects that
are associated with nanoparticles, as mentioned below.

1.1.1. Electrical properties

Because of the electrons that cannot move freely at nanolevel and their motion became restricted,
this confinement at the nanoscale resulted in the changes in electrical properties, such as the bulk
conductor/semiconductor materials behaving as superconductors or conductors at nanoscale.
Similarly, nanogold/nanosilver (of size less than 10 nm) cannot conduct electricity.

1.1.2. Optical properties

Optical properties of nanomaterials are also size dependent. Electrons cannot move freely at
the nanoscale and become restricted. The confinement of the electrons causes them to react to
light differently. Gold appears golden at the macroscale, but the nanosized gold particles are
red. Nanosized zinc oxide particles will not scatter visible light and bulk zinc oxide particles
used for sun block as they scattered visible light and appear white. Quantum dots changes in
their optical appearance as the size of the particles decreases creating different colors.

1.1.3. Surface properties

The surface-dominated properties such as melting point, rate of reaction, capillary action, and
adhesion, are controlled by their surface area and due to high surface area of the nanomaterials,
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these properties show drastic changes from their bulk counter parts. At the macro scale, gold has
a melting point of 1064°C, but by decreasing the particle size from 100 to 10 nm diameter, its
melting temperatures drops up to 100°C. As the size reduces to about 2 nm, the melting point
decreases to about half of the melting point at the macroscale level [2, 3].

1.1.4. Mechanical properties

At nanolevel, the changes in mechanical properties of the material such as Young’s modulus,
tensile strength (four times larger), lower plastic deformation, more hardness, more brittle,
grain boundaries deformations, decrease in elongation, lower density of dislocation moments,
short distance of dislocation moments increases, are observed.

1.1.5. Magnetic properties

For nanomagnetic materials, each spin behaves as a small magnet for nanomaterials. The
interaction between neighboring spins is dominated by the spin exchange interaction. Usually,
most of the materials has ] <0 and are nonmagnetic (paramagnetic or diamagnetic) by nature.
Similar to the paramagnets, the nanosuperparamagnets back to zero magnetization upon
removing of the field. It happens because of their small size and not due to the inherently
weak exchange between the individual moments.

1.1.6. Lotus effect

Lotus leaves are super hydrophobic due to high contact angle (122°) of water droplets to lotus
leaf surface and presence of the needle-shaped wax tubes in these leaves, (a smaller-sized
roughness region of 0.3-1.7 um with D of 1.48) besides normal leaves pattern. Similarly,
nanomaterials show the self-cleaning phenomena that are controlled by various parameters,
i.e., surface fractal dimension, surface morphology, and dynamic-wetting behaviors, responsi-
ble for the super hydrophobic character in them [4].

A rough surface of lotus leaves was etched into polydimethylsiloxane (PDMS) and a negative
PDMS template was made, and then, the negative template was used to make a positive PDMS
reproduced as a replica sheet of the original lotus leaf. These positive PDMS templates exhibit
the extreme water repellency (superhydrophobic) along with the same surface structural
features as the lotus leaves shown in Figure 1a-d and f. Four classes of surfaces are revealed
on the grounds of surface wettability and their contact angles are shown in Figure 1g [5, 6].
The chief applications of lotus effect are in making of non-wettable rain wear/sails for boats,
paints for kitchen roofs/walls that make them soot-free, windows in high-rise buildings, glass
for greenhouses avoiding their expensive and cumbersome cleaning, water-repellant fibers for
garments, sanitary products in bathrooms/toilets and windshields motor vehicle for reducing
sticking of dirt matter and easier cleaning, etc.

1.1.7. Localized surface plasmon resonance (LSPR)

When plasmonic material (nanosphere is small in comparison to the wavelength of light, and
the light has a frequency close to that of the SP, then the SP will absorb energy) is exposed to
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PLANT SURFACE STRUCTURES AND THEIR WETTABILITY
WITH CONTACT ANGLE(CA)
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Figure 1. (a) SEM images of superhydrophobic plant leave surfaces, showing the different type of epidermal cells (a—c)
and various types of epicuticular wax crystals (d—f) on leaves of Euphorbia myrsinites (a, d), Xanthosoma robustum (b, e), and
Taxus baccata (c, f). Lotus effect associated with lotus leaves and (g) the four classes of surface wettability types of leaf
surface based on their interaction with aqueous droplets [5, 6].

sunlight, free electrons of the nanoparticle of noble metals are integrated with the photon
energy that produces subwaves and conducting electrons in oscillating mode [7, 8]. These
collective oscillations (excitation) offer a localized surface plasmonic resonance (LSPR). LSPR
adds the benefits of the enhanced local heating effect, LSPR-powered e/h generation, enhanced
UV-Vis absorption, reduced e/h diffusion length, enhanced local electric effect and molecular
polarization effect, quantum tunneling effect, high catalytic effect, and to the main
photocatalytic unit. Hence, NPs of noble metals act as the thermal redox reaction-active centers
on the catalyst that can trap, scatter, and concentrate light [9-11], and enhance the number of
active sites and the rate of electron-hole formation by providing a fast lane for charge transfer
on the semiconductor surface. Cu, Ag, Au, Pt, Pd, and their alloys Cu-Ag, Cu-Au, Cu-Ag-Au,
are few examples of NPs of the noble metals with SPR. This phenomenon results in numerous
physical effects including tailorable absorption of light (from UV to near-IR), local heating, and
proficient charge transfer. Therefore, photoexcitation leads to a smooth electron transfer
between the semiconductor carrier/supports and the noble-metal NPs. NPs of Ag, or Au
(<10 nm), are the most commonly used plasmonic materials.

1.1.8. The quantum confinement effect

The quantum confinement effect is observed for the particles having particle size less than
the wavelength of the electron. If the motion of randomly moving electron is to be restricted
in a specific energy levels (discreteness) then the motion of electron confined in three dimen-
sions, two dimensions and one dimension, result in the particles having the shape of quan-
tum dots, nanowire/rods and nanosheets, respectively. As the size of a particle decreases up
to a nanoscale, the decrease in confining dimension makes the energy levels discrete, which
widens up their band gap and band gap energy. If the size of the quantum dot is smaller than
the Bohr’s radius of the charge carrier (excitons, electron, hole quasi-particles of semicon-
ductors), then the confinement observed here leads to a transition from continuous to dis-
crete energy levels [12]. Although the physical properties of a quantum dots are not affected
by quantum confinement, their optical absorption and emission can be tuned via the quan-
tum size effect.
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Figure 2. (a) Schematic diagram of typical arrangement of electrodes (quantum dot (QD) surrounded with source, drain
and gate) for a single electron transistor. Energy diagram for a quantum dot, where the two tunnel barriers connected the
QD to the source and drain contacts. (b) Electron transport is blocked and the dot contains a fixed number of N electrons.
(b) Number of electrons on the QD can vary between N and N—1, result in rise a peak in the conductance because the gate
voltage was tuned in order to align the chemical potential of the QD with that of source and drain [15].

1.1.9. Coulomb blockade

The phenomenon of Coulomb blockade can also be observed for a very small device (like a
quantum dot) at the temperature which has to be low enough (~1 Kelvin = 3 He refrigerators)
so that the characteristic charging energy (the energy that is required to charge the junction
with one elementary charge) is larger than the thermal energy of the charge carriers. But the
small sized quantum dots of only few nanometers has quality to observe Coulomb Blockade
from the liquid helium temperature up to room temperature (Figures 2a-2c) [13-15].

During the Coulomb Blockade phenomenon, the electrons inside this quantum sized device
will create a strong coulomb repulsion that prevent other electrons to flow, resulting in the
device will no longer follow Ohm’s law as shown in Figures 2a—2c. When very few electrons
are involved and an external static magnetic field is applied, Coulomb blockade provides
the ground for spin blockade (also called Pauli blockade) and valley blockade [16, 17] which
includes quantum mechanical effects due to spin and orbital interactions, respectively, betw-
een the electrons.

2. Present, past, and future of nanoparticles

History of mankind is a pursuit of color. Even in the Stone Age, people made use of pigments
in paintings. In the Middle Age, the ancient Egyptians used nanotechnology but they did not
understand as such in detail, but they prepared colloidal dispersion as inks and other useful
products like paintings, dying hair, etc. Long ago before the beginning of the “Morden nano-
era,” people were well encountered with various nanosized objects and nanolevel processes,
and they were using them in practice without due knowledge of the nature of these objects and
processes. Thus, people were indulged in nanotechnology subconsciously, without proper
understanding of the reason behind them. The secrets of nano-antiques were passed from
generation to generation, without getting into the reasons behind their acquired unique
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properties. Thousands of primeval knew to cultivate and process the natural fabrics, such as
flax, cotton, wool, and silk, in developing the fabric of typical nanoporous materials with pores
size of 1-20 nm. They were able to cultivate them and process into fine fabric product. These
special fabrics possessed a developed network of pores with the size of 1-20 nm, i.e., they are
typical nanoporous materials. Due to their nanoporous structure, the natural fabrics possess
high-utilitarian properties as they absorb sweat well, quickly swell, and dry. Since ancient
times, Egyptian people were mastered with the ways of making bread, wine, beer, cheese,
and other foodstuffs, where the critical fermentation processed at nanolevel. Ph. Walter
conducted a study on the hair samples from ancient Egyptian burial sites. He found that the
primeval Egyptians used a nanoparticle of galenite (5 nm sized PbS) made of paste of lime,
lead oxide, and small amount of water to dye hair in black. The dyeing paste reacted with
sulfur of keratin, to obtain a few nanometer-sized galenite particles, to provide even and
steady dyeing. The British museum possess Lycurgus Cup that was made by Roman artists in
the 4th century AD, as an outstanding glass work of the primordial Rome. The impression of
the Tsar of Edons (Lycurgus, Figure 3a) is embossed on the bowl and it shows unusual optical
properties. In natural light, the bowl is green (Figure 3b), and if illuminated from within cup, it
turns red (Figure 3b). The analysis of fragments of the bowl was done in 1959, by General
Electric Motors for the first time, which reflected that the bowl consists of usual soda-lime-
quartz glass with about 1% of gold and silver, and also 0.5% of manganese. The researchers
discovered particles of gold and silver from 50 to 100 nanometers in size using an electronic
microscope (Figure 3c), responsible for the unusual coloring of the bowl. In 2007, Harry [18]
explained this phenomenon by the effects of plasmon excitation of electrons with metal
nanoparticles. The Medieval Age manufacturing of multi-colored-stained glass windows (due
to the gold and other metal nanoparticles) of church in Europe, are also a good example of high
perfection engineering. During the battles of the European knights against Muslims, they faced
the extraordinary strength of the blades of Muslims warriors in fights for the first time that was
made of an ultra-strong Damascus steel (nanofibrous structure). After the discovery of electron
microscopy in 1857, Michal Faraday discovered the colloidal gold in different colors: ruby,
green, violet, or blue [19]. Thereafter, Albert Einstein explained the existence of colloidal
dispersion in terms of Brownian motion. The above theory was experimentally confirmed by
Jean-Baptize Perrin, which was awarded by Nobel Prize in 1926 [20].

50nm

Figure 3. (a) Dichroic Lycrugus cup made in 4th century AD and (b) in direct light it resembles jade with an opaque
greenish-yellow tone, but when light shines through the glass (transmitted light) it turns to a translucent ruby color. (c)
Transmission electron microscopy (TEM) image of a silver-gold alloy particle within the glass of the Lycurgus Cup [21].
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3. Why silver nanoparticles preferred over the available nanoparticles?

Metal nanoparticles (MNPs) exhibit novel and size-related physico-chemical properties signif-
icantly different from their bulk counterpart [22]. The unique properties of MNPs have been an
ambassador of their potential uses in medicine, catalysis, optics, cosmetics, renewable energies,
inks, microelectronics, medical imaging, environmental remediation, and biomedical devices
[23-28]. Besides, Ag-NPs exhibit a broad spectrum of bactericidal and fungicidal activity [29].
Therefore, the use of MNPs became exceptionally trendy for the wide range of consumer
goods, including plastics, soaps, pastes, food, and textiles, to enhance their market value [30-
32]. Among the wide range of metal nanoparticles, silver nanoparticles (Ag-NPs or nanosilver)
were the most popular, due to their unique physical, chemical, and biological properties when
compared to their macroscaled counterparts [33]. The advantage of the nanosilver over the
other noble metals with respect to their physico-chemical properties are: small loss of the
optical frequency during the surface-plasmon propagation [34], non-toxic, high electrical and
thermal conductivity, stability at ambient conditions, low cost than the other noble metals such
as gold and platinum, high-primitive character, wide absorption of visible and far IR region of
the light, surface-enhanced Raman scattering, chemical stability, catalytic activity, and non-
linear optical behavior (Figure 4a—c). Moreover, they exhibit a broad spectrum of high antimi-
crobial activity (bactericidal and fungicidal activity) attracting the scientists and technologists
with much interest to develop nanosilver-based disinfectant products [35].

LSPR region of Ag, Au, and Cu in the visible and near-infrared wavelength range of sunlight
is exhibited in Figure 5a [38]. The comparative UV/Vis diffuse-reflectance spectra of AgCl,
Ag@AgCl, and N-TiO,, are demonstrated by the Figure 5b that reflected the Ag@AgCl with
plasmonic Ag molecules covers the wide range visible wavelength than other systems. The
large effective scattering cross section, plasmon resonance with unique colors of the individual
silver nanoparticles, as well as their non-bleaching properties have significant potential for
single molecule labeling-based biological assays [40, 41]. Metal nanoparticles are also used in
various near-field optical microscopic applications [42, 43] on the heels of augmented signal
output due to their efficient scattering properties. Currently, nanosilver technologies
have appeared in a variety of manufacturing processes and end products. There are many
consumer products and applications which are utilizing nanosilver in consumer products

. i ., .
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Figure 4. (a) Real and (b) imaginary part of permittivities of the metal candidates Ag, Au, Na K, and Al [36]. (c) Quality
factor of plasmon resonances of a metal nanostructure as a function of plasmon frequency for two commonly used metals:
silver (dashed line) and gold (dotted line) [37].
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Figure 5. (a) Localized surface plasmon resonance of Ag, Au, and Cu that covers most of the visible and near-infrared
wavelength range of sunlight [38]. (b) Comparative UV/Vis diffuse-reflectance spectra of (a) AgCl, (b) Ag@AgCl, and (c)
N-TiO; [39].

(soap, shampoo, textile, disinfecting medical devices and home appliances to water treat-
ments) with the highest degree of commercial value.

4. Silver nanoparticles: a plasmonic material for optical applications

During the LSPR, the light exposure in the UV-Visible wavelength range to the noble metal
NPs (<10 nm), induced collective oscillations of their valence electrons [44]. The oscillating
electron cloud (called localized surface plasmon/hot electrons) has the lifetime of femtoseconds
order. After the lifetime, the population of hot electron started decaying via the radiative and
non-radiative routes [45]. In radiative decay, they released radiations and in non-radiative
decay, they were converted into photons and electron-hole pairs by inter-band/intra-band
excitations that populated in conduction bands of the SP, as shown in Figure 6.

Surface plasmon resonance (SPR) has two different forms: (i) propagating part: surface plasmon
polaritons (SPP) and (ii) stationary part: localized SPR (LSPR) [46]. The SPP traveled through
resonantly excited charge oscillations on the surface of thin metal films, whereas LSPR represents

/
o

Surface Iglasmon
Radiative

decay

Non-Radiative
decay

Electron-hole
excitation

Figure 6. Schematic representation of radiative (left) and non-radiative (right) decay of the SP NP. The intra-band
excitation within the conduction band results the non-radiative decay.
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the non-propagating collective oscillation of the surface electrons in metal nanostructures. By
utilization of SPP and LSPR in plasmonic nanostructures, the solar energy conversion efficiency
of semiconductors can be improved via two paths [46]: photonic enhancement (or light trapping)
and plasmonic energy transfer enhancement. In patterned plasmonic nanostructures, multiple
times efficient scattering of the incident light increases the optical path length along with the light
absorption direction in thin semiconductor layers [46, 47]. The previous part (SPP) contributes to
enhance the energies above the band gap of a semiconductor, whereas the latter (LSPR) can
induce charge separation in the semiconductor by absorbing light at the energies below the band
gap [44, 48] due to the large local-field enhancement and absorption cross-section. The LSPR-
induced charge separation can occur by transferring the plasmonic energy from the metal to the
semiconductor via (i) direct electron transfer (DET) [49] and/or (ii) plasmon-induced resonant
energy transfer (PIRET) [48]. This is referred to as plasmonic energy transfer enhancement [46]
and is strong in small metal nanoparticles with small scattering cross-sections. The efficiency of
the DET process depends open the relative energy of the hot electron to the height of the
Schottky barrier at the interface Therefore, the semiconductor must be in close contact with the
plasmonic metal. In contrast, PIRET proceeds non-radiatively based on the near-field dipole-
dipole interaction between the plasmonic metal and the semiconductor [48]. PIRET allows the
light absorption and the charge separation and does not require direct contact or band align-
ment, but its efficiency is controlled by the spectral overlap between the semiconductor’s absorp-
tion band edge and the LSPR absorbance [48]. The good example of utilizing propagating (SPP)
and localized (LSPR) plasmon modes is hematite nanorod array grown on a long-range-ordered
plasmonic gold nanohole array pattern by combating the scattering/absorption trade-off, illus-
trated in Figure 7, where the hematite nanorods have been acted as “fiber optics miniature” to
create the incarcerated modes, to trap the incident light, and to enhance the light absorption [50].

The size, shape, and composition of plasmonic NP affects the optical properties, i.e., absorp-
tion phenomena in the semiconductor, charge transport, and energetics of the semiconductor
photoelectrodes as illustrated in Figure 8 [51].
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Figure 7. Architecture and microstructure of plasmonic photoanode. (a) Scheme for the growth of the hematite nanorod
array on the Au nanohole array. (b, c) Scanning electron microscopic images of the Au nanohole array without (b) and
with (c) the hematite nanorods. Scale bars, 1 mm (b) and 200 nm (c) [50].
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Figure 8. (A) Normalized extinction spectra of spherical Ag-NPs (38 & 12 nm in diameter), Au NPs (25 £ 5 nm) and
CuNPs (133 & 23 nm). The solar radiation (air mass 1.5G) spectrum was taken from the National Renewable Energy
Laboratory and is shown in black (http://rredc.nrel.gov/solar/spectra/am1.5/). Dashed portions of the metal extinction
curves represent the inter-band transitions without surface plasmon resonance. (B) Normalized extinctions spectra of Ag-
NPs with the wire (d = 90 & 12 nm with >30 aspect ratio), cube (d =79 & 12 nm), and sphere (d = 38 + 12 nm) shapes. (C)
Normalized extinction spectra for Ag nanocubes as a function of size as 56 £ 8 nm (orange), 79 £ 13 nm (red), and 129 &
7 nm (blue) edge lengths. The ethanolic suspension of the three different nanocube samples is shown in inset (reprinted
with permission from Ref. [51]).

The energy of electron-electron as well as electron-phonon coupling was ultimately being
converted into heat which will further thermalize the hot electrons. In the most of the cases,
nonradiative (formation of electron and holes) plasmonic decay paralyzed the thermaliza-
tion process that results in the efficiency minimization of the devices [52]. It not only limits
the propagation length of plasmonic waveguides but also reduces the optical absorption of
the metal that declines the overall performance of the device. The hot carriers generated from
nonradiative plasmon decay offers new avenues to exploit the absorption losses. Although
the much efforts have been devoted to alleviate the plasmon nonradiative decay, recent
research has exposed the new prospectives by utilizing this energy in the areas [44, 53] such
as in photothermal heat generation [45], photovoltaic devices [53, 54], photocatalysis [55, 56],
driving material phase transitions [57, 58], photon energy conversion [59, 60] and photod-
etection [51, 61], and solar steam generation [62-64]. Most significantly, the decay of hot
electrons can lead to the localized heating in the plasmonic nanostructures and making them
good candidates for nanoscale heat sources [45, 65] that can be used in cancer therapy for
destroying cancer cells [66]. On the contrary, hot electrons can be captured before thermali-
zation by an adjacent semiconductor, to provide a novel photo-electrical energy conversion
or chemical energy. The transformations from Plasmon energy to chemical energy occurred
in four ways to drive the chemical reactions, i.e., (i) light scattering (radiative decay,
Figure 9A), (ii) hot electron injection (HEIL Figure 9B), (iii) light concentration (Figure 9C),
and (iv) Plasmon-induced resonance energy transfer (PIRET, Figure 9D). Light scattering by
radiative decay can enhance the effective optical path length in the semiconductor. This leads
to enhance the absorption of light and generation of charge carriers that can drive the
chemical reactions [65].

Recently, a combination of a chiral metamaterial with hot electron injection was demonstrated
in circularly polarized light detector [62, 67], where the chiral metamaterial can perfectly
absorb the circularly polarized light which is the complimentary component of the largely
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Figure 9. Schematic presentation of the transformations from Plasmon energy to chemical energy occurred in four ways
(A) light scattering (radiative decay; LS), (B) hot electron injection (intra-band excitation; HEI), (C) light concentration
(near field induced absorption; LC) and (D) plasmon-induced resonance energy transfer (dipole-dipole coupling; PIRET).

reflecting device. Therefore, it can be also selectively generate the hot electrons and produce a
photocurrent signal depending upon the handedness of the light [62]. This ultracompact
detector avoids the complexity of conventional circularly polarized light detectors, where a
quarter wave-plate/polarizer were used.

In order to obtain the mechanistic insights into the structure-functionality relationship of the
plasmonic NP/semiconductor composites, the decoupling of plasmon-induced and non-
plasmon-induced effects are promising way to improve activity. Resonant enhancement in the
polarizability of the materials with a negative real dielectric function (assuming a relatively
small imaginary part) is responsible for plasmonic excitations in the metal nanoparticles.

The scattering cross section of a spherical gold NP is almost vanished when its radius
decreased from 35 nm (Figure 10A) to 10 nm (Figure 10B), while the absorption and excitation
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Figure 10. Extinction (black), scattering (blue) and absorption spectra (red) of a gold NP with a radius of 35 nm (A) and a
radius of 10 nm (B) calculated using Mie theory. In both cases, the refractive index of the environment is 1.33 [68].
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cross section are decreased to a lesser extent for the same compound. Thus, small NPs are used
for applications where only non-radiative decays are desired.

5. Synthesis methods of silver nanoparticles

Recently, many techniques have been used for the synthesis of Ag-NPs by using chemical,
physical, photochemical, and biological methods. Each method has its pros and cons with
common problems of cost, scalability, uniform particle size, and the size distribution. Tradition-
ally, metal nanoparticles are produced by physical methods like ion sputtering or pulsed laser
ablation and chemical methods such as reduction, solvothermal synthesis, hydrothermal, sol-gel
methods, and so on. However, recently, the environmentally friendly synthesis methods (by
using natural products) have been developed under the branch of “green syntheses.” Depending
upon the selected path of synthesis and different experimental conditions, the silver NPs of
different morphology, sizes, and shapes can be obtained. Nevertheless, the most important
criteria is the size distribution that should be achieved as narrow as possible for the target-
specific applications [69]. Four important methods (chemical, physical, photochemical, and
biological) for the synthesis of nanoparticles are discussed as follows.

5.1. Chemical method

Among the existing methods, the chemical methods have been most common used for the
production of Ag-NPs. The chemical reduction of metal ions is the most universal and easy route
for the preparation of the metal nanoparticles. The chemical transformation of the silver ions into
the silver nanostructures can occurred using photochemical method, [70, 71] wet chemical
synthesis with [72] or without templates, [73] by employing liquid crystal, [74] polymer tem-
plates,[75] solution-based methodologies such as aspartate reduction [76] and starch-mediated
reduction, etc [77]. Generally, the chemical synthesis process of the Ag-NPs in solution usually
employs the following three main components: (i) metal precursors (for formation of AgNPs:
AgNO; AgClO,4, AgCl, (PPhs);AgNO;, CE3Co0Ag), (ii) reducing agents, and (iii) stabilizing/
capping agents. Few of the representative reducing agents are: NaBH, glucose, N,N-
dimethyformamide, N>H,4, sodium citrate, polyols, (such as ethylene glycol, diethylene glycol
or a mixture of them), formaldehyde, etc., [78-83]. It is known that the different reductants are
powered by different degree of reducibility that can play an important role in deciding the final
shape of nanostructures. Moreover, these reductants favor the growth of nanocrystals along its
different facets ((100) (111) or (110) facets). Unprotected metal colloids are highly vulnerable to
the irreversible aggregation due to their small size. Therefore, the protective agents such as
thiols, amines, polymers (e.g., polyvinylpyrrolidone PVP, polyvinyl alcohol PVA), polyelectro-
lytes (sodium oleate, oleic acid, etc.) [84-86], surfactants (cetyl trimethyl ammonium bromide
(CTAB), sodium dodecyl sulfate, and cetyl trimethyl ammonium chloride (CTAC)), etc., can be
added to suppression aggregation. The formation of colloidal solutions from the reduction of
silver salts involves four stages, i.e., nucleation, incubation, subsequent growth, and Ostwald
ripening. It is also revealed that the size and the shape of synthesized Ag-NPs are strongly
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dependent on these stages. Furthermore, for the synthesis of monodispered Ag-NPs with uni-
form size distribution, all nuclei are required to form at the same time. In this case, all the nuclei
are likely to have the same or similar size, and then they will have the same subsequent growth.
The initial nucleation and the subsequent growth of initial nuclei can be controlled by adjusting
the reaction parameters such as reaction temperature, pH, precursors, reduction agents, and
stabilizing agents. These capping agents spontaneously adsorbed on the particle surface prevent
their agglomeration, resulting in instable particle. In a typical experiment, aqueous 0.5 M AgNO;
(0.8 mL) was mixed well with aqueous 0.4 M poly[(2-ethyldimethylammonioethyl methacrylate
ethyl sulfate)-co-(1-vinylpyrrolidone)] (PQ11) (3 mL), and the resulting solution was hydrother-
mally treated at 100°C for 60 min. The spontaneous formation of the AgNPs can be attributed to
the direct redox reaction between the PVP part of PQ11 and Ag", because there are no other
reducing agents involved in the reaction system. As-formed dark brown colored colloidal-silver
dispersion turned into yellow color (characteristic of spherical shaped AgNPs) on dilution. Usu-
ally, the bulk Ag show 4d — 5sp inter-band transitions, which are represented by the character-
istic peak at 320 nm [87] in its UV-Vis spectrum (Figure 11). But the nano dispersion of silver
display red shift and the peak at 320 nm shifted to 416 nm that corresponds to the dipole
resonance of silver nanospheres.

5.1.1. Polyol process

Monodispersed solution of silver nanocubes were synthesized in large quantities by reduc-
ing silver nitrate with ethylene glycol in the presence of the capping agent polyvinylpyr-
rolidone (PVP) [79], which is an example of the so-called polyol process. In this case,
ethylene glycol served as both reducing agent and solvent. It shows that the presence of
PVP and its molar ratio relative to silver nitrate along with other additive formaldehyde,
NaOH, played important roles in finalizing the geometric shape and size of the product. It
suggested that it is possible to tune the size of silver nanocubes by controlling the experi-
mental conditions.

5.1.2. Precursor injection technique

In the precursor injection method, the injection rate and the reaction temperature were impor-
tant factors for producing uniform-sized Ag-NPs with a reduced size [81]. The injection of the

.
v

Figure 11. (a) Polygonal (mainly triangular) silver nanoprisms were synthesized by boiling AgNO; in N, N-dimethyl
formamide and PVP, [88] (b) TEM image of as-formed silver colloids and the corresponding particle size distribution
histogram and (c) UV-Vis spectrum of 150-fold diluted PQ-11 supported Ag NP solution of the dispersion synthesized at
100°C and 60min [89].
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precursor solution into a hot solution is an effective mean to induce rapid nucleation in a short
period of time, ensuring the fabrication of Ag-NPs with a smaller size and a narrower size
distribution. Spherical Ag-NPs with a controllable size and high monodispersity were synthe-
sized under the polyol process with the help of the modified precursor injection technique. Ag-
NPs of the size 17 + 2 nm were obtained at an injection rate of 2.5 mLs ' along with the
reaction temperature 100°C. Nearly, monodisperse Ag-NPs have been prepared in a simple
oleylamine-liquid paraffin system [82] by using this technique.

5.2. Physical method

In the physical synthesis process of Ag-NPs, usually, the physical energies (thermal,
ac power, and arc discharge) are utilized to produce Ag-NPs with a narrow size particle
distribution. This approach can permit us to produce large quantities of Ag-NPs samples in
a single process. Under the physical methods, the metallic NPs can be generally fabricated
by evaporation-condensation process that could be carried out in a tube furnace at atmo-
spheric pressure. The large space of tube furnace, consumption of large amount of energy,
raising the environmental temperature around the source material and a lot of time for
achieving thermal stability, are the few drawbacks of the method. Another physical method
of synthesis of Ag-NPs is a thermal decomposition method that used to synthesize the
powdered Ag-NPs [90]. In particular case, Ag-NPs (particles with particle size of 9.5 nm
with a standard deviation of 0.7 nm) were formed by thermal decomposition of a Ag'*-
oleate complex, at high temperature of 290°C. This indicates that the Ag-NPs were pre-
pared with a very narrow size distribution. Jung et al. [91] reported a small ceramic heater
(with a local heating area) for synthesizing the metal NPs and by evaporating the source
materials under the flow of carrier gas, i.e., air. It had been reported that the geometric
mean diameter, the geometric standard deviation, and the total concentration of spherical
NPs without agglomeration increases with the temperature of the surface of the heater. The
testimony given by Tien et al. [92] reveal the fabrication technique for the Ag-NPs by
employing the electrical discharge machining (EDM) without addition of any surfactants.
Where, pure silver wires were submerged in deionized water and treated as electrodes. The
stability of suspension, concentration of particles, particle size, solution properties, electric
conductivity, and pH are the factors that may affect the synthesis of NPs by enhancing the
complex interactions to the nanofluid, in the form of van der Waals combination force and
electrostatic Coulomb repulsion force. Metallic Ag-NPs of the 10 nm size and ionic silver of
approximate concentrations 11-19 ppm were obtained by silver rod at the consumption rate
~100mgmin~'. More recently, Siegel et al. [93] reported an unconventional approach for the
physical synthesis of gold-NPs and Ag-NPs by the direct metal sputtering into the liquid
medium (glycerol-to-water).

5.3. Photochemical synthesis

The photo-induced synthesis of Ag-NPs has two main approaches: that is the photophysical
(top down) and photochemical (bottom up) ones. In former way, NPs could be prepared by
the fragmentation of the bulk metals and followed by generation of the NPs from ionic
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precursors. The NPs are formed by the direct photoreduction of a metal ion using photo-
chemically generated intermediates, such as excited molecules and radicals, which are often
known as photosensitization of NPs [94, 95]. The main advantages of the photo-induced
process are: clean process, high spatial resolution, convenience of use, the controllable in-situ
reducing agents generation; the formation of NPs can be triggered by the photo irradiation,
(iii) enables one to fabricate the NPs in various mediums including emulsion, surfactant
micelles, polymer films, glasses, cells, etc [94]. The direct photo-reduction process of AgNO;
takes place in the presence of sodium citrate (NaCit) using different light thermal sources
(UV, white, blue, cyan, green, and orange) at room temperature [96]. This light-induced
process results in a metallic colloid with size and shape powered distinctive optical properties
of the particles. Reproducible UV photo-activation method is used for the preparation of the
stable Ag-NPs in aqueous TritonX-100 (TX-100) [97], where TX-100 molecules play a dual
role: (i) as an reducing agent and (ii) as a NPs stabilizer through template/capping action. The
addition of surfactant solution to TX-100 and silver precursor helps in carrying out the NPs
growth process by controlling the diffusion (by decreasing the diffusion/mass transfer coeffi-
cient of the system) to improve the NPs size distributions (by increasing the surface tension at
the solvent-NPs interface). The Ag-NPs (size 2-8 nm) can also be synthesized in a basic
aqueous AgNOj; solution and carboxymethylated chitosan (CMCTS) under UV light irradia-
tion. CMCTS is a biocompatible water-soluble derivative of chitosan and served as a reducing
agent for silver cation and a stabilizing agent for Ag-NPs (stable for more than 6 months),
simultaneously [98]. This method is used to fabricate a high-yield metal nanostructures and
composite materials at low cost. Few alternative approaches, such as laser ablation at the
solid-liquid interface and combination of the reducing agent and sunlight, are also used for
metal nanostructure fabrication. The three-dimensional metal NPs are produced using laser
ablation and are applicable in the field of a light-driven actuator, bioimaging, and three-
dimensional processing [99]. The photo-induced silver nanoprisms/nanodecahedrons have
been the synthesis by controlling the concentration of sodium citrate and sunlight (ultraviolet
light). At the lower concentration of citrate (5.0 x 10~* M), silver nanoprisms are converted
into nanodecahedrons silver by increasing the concentration of citrate as shown in Figure 12.
Although the intensity of light affects the shape of the NPs, the lighting power density did
not influence the shape conversion except for reaction rate [100].
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Figure 12. Photo-induced synthesis of silver nanoprisms and nanodecahedrons by controlling the concentration of
sodium citrate and sunlight [100].
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5.4. Biological synthesis

Usually, wet-chemical or physical method is used to prepare the metal nanoparticles. However, the
chemicals used in pbhysical and chemical methods are generally expensive, harmful and inflam-
mable but the bogenic methods are a cost effective, energy saver and having enviornmentally
benign protocols technique for green synthesis of silver nanoparticles from different microorgan-
isms (yeast, fungi and bacteria, etc) and plant tissues (leaves, fruit, latex, peel, flower, root, stem,
etc) as shown in Figure 13. Pytochemicals (lipids, protiens, polyphenols, carboxylic acids, sapo-
nins, aminoacids, polysachccarides amino cellulose, enzymes, etc.) present in plants are used as
reducing and capping agent. The use of agro waste and micro-orgamisms materials not only
reduces the cost of synthesis but also minimizes the need of using hazardous chemicals and
stimulates “green synthesis” way for synthesizing nanoparticles [101, 102].

This method of biosynthesis is very simple, requiring less time and energy in comparison to
the physical and chemical methods with predictable mechanisms. The other advantages of
biological methods are the availability of a vast array of biological resources, a decreased time
requirement, high density, stability, and the ready-to-soluble as-prepared nanoparticles in
water [103]. Therefore, biogenic synthesis of metal NPs unwraps up enomorus opportunities
for the use of biodegradable or waste materials.
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Figure 13. Biogenic synthesis of metal nanoparticle of various shape and size using microorganisms and plant tissues
extracts.

6. Characterization tools for analysis of silver nanoparticles

At the nanoscale, particle-particle interactions are either dominated by weak Vander Waals
forces, stronger polar and electrostatic interactions or covalent interactions. Characterization
of nanoparticles is vital part of determination of the phase purity, shape, size, morphology,
electronic transition plasmonic character, atomic environment and surface charge, etc.
By using advanced analytical techniques such as electron microscopic techniques (atomic
force microscopy (AFM), electron energy loss spectroscopy (EELS), surface enhanced Raman
scattering (SERS), scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM) and their corresponding energy-dispersive X-ray spectroscopy (EDX),
and selected area electron diffraction (SAED for crystallinity). Properties like surface mor-
phology, size, and overall shape are determined by electron microscopy techniques and
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elemental composition by SEM-/TEM-/EELS-supported EDX. Optical analysis techniques
such as Fourier transform infrared (FTIR) spectroscopy, fluorescence correlation spectros-
copy (FCS, diffusion coefficients, hydrodynamic radii, average concentrations, and kinetic
chemical reaction), X-ray diffraction (XRD for phase purity with crystal parameters and
particle size), diffuse light scattering (DLS can probe the size distribution of small particles),
UV-Vis spectroscopy (band gap, particle size electronic interaction), XPS (X-ray photon
spectroscopy, surface environment of elemental arrangement), Raman spectroscopy (it pro-
vides submicron spatial resolution average size and size distribution through analysis of the
spectral line broadening and shift), nuclear magnetic resonance (NMR can detect structure,
compositions, diffusivity of nanomaterials, dynamic interaction of species under investiga-
tion), small-angle X-ray scattering (SAXS; from 0.1° to 3° can evaluate the size distribution,
shape, orientation, and structure of a variety of polymers and nanomaterials), zeta potential
with a value of £30 mV is generally chosen to infer particle stability. Above analysis
can be used to determine the properties of nanomaterials such as the size distribution,
dispersibility, average particle diameter, charge affect the physical stability and the in vivo
distribution of the nanoparticles. Few of above are discussed below.

6.1. X-ray diffraction spectroscopy (XRD)

The crystalline structure, size, and shape of the unit cell and the crystallite size of a material
can be determined using X-ray diffraction spectroscopy (XRD). Usually, X-ray diffraction
peaks were observed at 20 = 38.00°, 44.16°, 64.40°, and 77.33°, which correspond to (111),
(200), (220), and (311) Bragg’s reflections of the face-centered cubic (fcc) structure of metallic
silver, respectively (standard JCPDS card No. 04-0783 or 87-0597). The crystalline size of the
particulate can be estimated by using the Debye-Scherrer formula d = 0.89A 3cosO, where d is
the particle size, A is the wavelength of X-ray radiation (1.5406 A), B is the full-width at half-
maxima (FWHM) of the strongest peak (in radians) of the diffraction pattern and 20 is the
Bragg angle [104].

6.2. Scanning electron microscopy (SEM)

In this technique the whole sample is analyzed by scanning with a focused fine beam of
electrons and electrostatic or electromagnetic lenses to generate images of much higher resolu-
tion. Surface morphology of the sample is determined by the help of the secondary electrons
emitted from the sample surface.

6.3. Transmission electron microscope (TEM)

In TEM analysis, an incident beam of electrons is transmitted through an ultra-thin sample
which interacts with the sample and transforms into unscattered electrons, elastically scattered
electrons, or inelastically scattered electrons. The scattered or unscattered electrons are focused
by a series of electromagnetic lenses and then projected on a screen to generate a electron
diffraction, amplitude-contrast image, a phase-contrast image, or a shadow image of varying
darkness according to the density of unscattered electron. Transmission electron microscopy
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techniques can provide direct imaging, diffraction and spectroscopic information, chemical
composition, either simultaneously or in a serial manner, of the specimen with an atomic or a
sub-nanometer spatial resolution. High-resolution TEM imaging, when combined with
nanodiffraction, scanning tunneling microscopy (STM), atomic resolution electron energy-loss
spectroscopy, and nanometer resolution X-ray energy dispersive spectroscopy techniques, is
critical to the fundamental studies of importance to nanoscience and nanotechnology.

Different surface structures can be obtained from various synthesis routes. Surface morphol-
ogy of the nano-structural features of silver are examined using above electron microscopic
techniques. Electron microscopy images of single-crystal Ag-NPs (cubes, bars, wires, and
bipyramids) grown in ethylene glycol in the presence of PVP and Br— at different proportions,
are demonstrated in the Figure 14A-D. Silver triangular nanoplates, prepared by are demon-
strated by the Figure 14E and F Asymmetric Silver “Nanocarrot” Structures, were synthesized
by using wet chemical method using CF3COOAg as precursor, PEG as reducing agent, and
PVP as capping agent are depicted in the Figure 14G-1I [105, 106].

6.4. Scanning tunneling microscopy (STM)

STM uses quantum tunneling current to generate electron density images at the atomic scale for
conductive/semiconductive surfaces and biomolecules attached on conductive substrates [107].
A sharp scanning tip, an xyz-piezo scanner controlling the lateral and vertical movement of the
tip, a coarse control unit positioning the tip close to the sample within the tunneling range, a
vibration isolation stage and feedback regulation electronics are the basic parts of the STM
instrumentation. Its working on the generic principle for, i.e., to bring a susceptible probe in
close proximity to the surface of an object measured to monitor the reactions of the probe [108].

6.5. Atomic force microscopy (AFM)

The AFM can investigate the size, shape, structure, sorption, dispersion, and aggregation of
nanomaterials. It is based on a physical scanning of samples at sub-micron level (contact or
noncontact mode) using a probe tip of atomic scale and offers ultra-high resolution (>100 times

50 nm

Figure 14. Electron microscopy images of single-crystal Ag nanocrystals: (A) nanocubes prepared in ethylene glycol with
PVP as a capping agent in DMF; (B) nanobars prepared in ethylene glycol in the presence of PVP and Br—; (C) pentagonal
nanowires prepared in ethylene glycol in the presence of PVP in DMF; (D) bipyramids prepared in ethylene glycol in the
presence of PVP, where TEM image represented by E, F, and G and the EELS spectrum of the asymmetric silver
nanocarrot, were represented by Hé&I [105, 106].
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better than the optical diffraction) in particle size measurement. One of the principal advantages
of this nondestructive technique is that it felicitates the imaging of the non-conducting samples
without any specific pretreatment and without causing appreciable harm to the surface. The
major drawbacks of this technique is (i) the size of the cantilever tip is generally larger than the
dimensions of the nanomaterials to be examined that led to unfavorable overestimation of the
lateral dimensions of the samples [109, 110], (ii) AFM also lacks the capability of the detecting or
locating specific molecules; however, this disadvantage has been eliminated by recent progress
in single-molecule force spectroscopy with an AFM cantilever tip carrying a ligand.

6.6. Electron energy-loss spectroscopy (EELS)

In looking to the better understanding of the atomic processes in solids, their emerging
demand for new imaging, diffraction and spectroscopy methods with high-spatial resolution.
That demand has been reinforced by the growing interest of human being in nanomaterials.
Although, the transmission electron microscopy (TEM) can provide the structural information
with excellent spatial resolution (down to atomic dimensions) through high-resolution TEM
imaging and electron diffraction technique, electron energy-loss spectroscopy offers unique
possibilities for the nanoscale thin materials (plasmonic) analysis. Due to the broad range of
inelastic interactions of the high energy electrons with the specimen atoms, ranging from
phonon interactions to ionization processes, EELS and their combination with TEM offers the
facility to map the elemental composition of a specimen for studying the physical and chemical
properties of a wide range of biological and non-biological materials. Moreover, the energy
distribution of all the inelastically scattered electrons provides the information [111] about the
local environment of the atomic electrons for the universal dispersions of surface plasmons in
flat nanostructures, [112] 3D distribution of the surface plasmons around a metal nanoparticle
[113] and exotic nanostructures are shown in Figure 15 [114].

6.7. UV-Visible spectroscopy analysis

In decades past, synthesis of silver nanostructures has been an active research area because
of their excellent optical properties such as surface-enhanced Raman scattering (SERS) and
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Figure 15. EELS data and corresponding electrodynamic calculation for rod. (a) Annular dark field (ADF) image of rod
with high aspect ratio 9.6, (b) multivariate statistical analysis (MVSA)) score images, (c) discrete dipole approximation
(DDA) calculated electric field plots displaying the field generated by a plane wave optical excitation at the energies and
polarization given on each plane, and (d) summed EEL spectrum [114].
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surface plasmonic resonance, which strongly depend on size, shape, and composition, and can
be checked by the help of the optical analyses like XPS and UV-Visible spectroscopy analysis.
Although, the change in color of precursor silver ion to silver nanoparticles was visually
observed, the absorption measurements were carried out using UV-Visible spectrophotometer
to check the stability of silver nanoparticles. Characteristic UV-Vis spectrum peak of bulk Ag
appears at 320 nm due to the inter-band 4d — 5sp transitions [87]; and the red shift in this peak
to around 420 nm was observed due to the occurring of the plasmonic resonance phenomenon
in the nano-dispersion of silver metal. Effect of shape and size on optical properties of the
silver nanoparticle is reflected by Figure 16.

UV-Vis spectroscopy also used for particle size determination of silver nanoparticles, using
Mie scattering theory. The full width at half maxima of the optical spectra (Lorentz-shaped
peak; Q) can be used to calculate the particle size of stable suspension by using following
equation [116, 117]:

(0 +2n2) cm U
2N 2w

D= 1)

where, w is full width at half maxima of the Lorentz shaped peak, and ¢, 1, ¢, m, U, N, ¢, and
D, are the frequency independent dielectric constant, refractive index of water, velocity of light,
mass of electron, electron velocity at the Fermi energy, number of electrons per unit volume,
the electron charge and diameter of the particle, respectively.

6.8. Surface-enhanced Raman scattering spectroscopy (SERS)

SERS can be employed as a sensitive and selective technique for identification of molecules.
Strong electromagnetic fields are generated due to the localized surface plasmon resonance
(LSPR) of nano-noble metals, when they are exposed to visible light. If the Raman scatterer is
placed near these intensified electromagnetic fields of nano-noble metals, the induced-dipole
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Figure 16. (a) optical spectra of the individual silver nanoparticles of different shape spherical (Blue emission), pentagon
(Green emission) and triangular (Red emission) as reflected from their typical high resolution TEM images. (b) Plot of the
lateral size of TEM images vs the wavelength of the plasmonic resonance spectral peak for a spherical (dark circle; 85%)
pentagon (empty rectangle; 5%) and triangular (dark triangle; 5%) particles [115].
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Figure 17. SEM images of a self-assembled dimmer of flower-like silver mesoparticles along with their corresponding
Raman images at the axis parallel to the dimer axis of the detected particles with high SERS quality [118].

increases that results in the increase of intensity of the inelastic scattering. Similar relations can
hold-good for the extinction and scattering cross sections of the nanoparticle. If the extinction
and scattering cross sections of the nanoparticle at resonant wavelengths are maximized, it
represents the spectroscopic signature of exciting the LSPR. A SER spectrum also provides the
accurate information about molecular structure and the local environment in condensed
phases than any other electronic spectroscopy technique.

A typical example of the surface-enhanced Raman scattering (SERS) is reflected by Figure 17,
where the coupling effect still dominates the SERS and the flower-like silver mesoparticle dimer
image with the large hot areas is #10 to 100 times greater than the individual mesoparticles [118].

7. Applications of the silver nanoparticles

Metal nanocatalysts of different shapes and sizes like quantum dots, nanotubes, nanofibres,
nanolithographs, self-assemble processing devices, nanoparticles, and nanofibres, have immense
significance. They have bright future in broad research areas of high-tech applications in the field
of information of storage, computing, medical and biotechnology, energy, sensors, photonics,
communication, and smart materials. The size and shape of the nanometal is a critical criteria to
target-specific applications that may be achieved by keeping size distribution as narrow as
possible. Nanometals has enormous potential to serve all facets of life for building big future
from small things, as they acquire the goodness of both homogeneous and heterogeneous
catalysts. At present, the pretty command over the morphologies of silver nanoparticles has
received immense attention of researchers due to their considerable budding applications in
almost all fields. In the present context, they have attracted the interest of the people due to their
unique physical, chemical, and biological properties in compared to their massive counterparts.
Silver nanoparticles are also studied by material scientists who investigate their integration into
other materials in order to obtain enhanced properties, for example, in solar cells where silver
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nanoparticles are used as plasmonic light traps. These properties make them valuable in other
applications such as catalyst [119, 120], inks, microelectronics, medical, imaging, health products,
and waste management. Antifungicidal activities making them extremely popular in a diverse
range of consumer/medical products, including plastics, soaps, pastes, food, cosmetics, medicine,
highly sensitive surface-enhanced Raman spectroscopy (SERS) application [121-123], water
treatment and textiles, etc., that boost their market value [124]. Moreover, the nanofibre can be
very effective in attracting and trapping small particles because it is “sticky” due to its large
surface area. This makes nanofibres excellent materials for use in filtration [125]. Moreover, silver
nanoparticles accounts for more than 23% of available nano-products in the market. It includes
the share of different facets of life, i.e., 52.61% health and fitness, 10.44% cleaning, 10.04% food,
6.02% household equipments, 4.02% medicine, 3.21% electronic devices, 2.01% toys, and 11.65%
others [126]. Out of the versatile applications of nanosilver in diverse phases of life, few are
discussed below.

7.1. Medical: diagnosis and treatment of aliment

The silver nanoparticles exhibit a broad spectrum of antibactericidal, antiviral, anti-inflmmatory,
antiangiogenic, anti-tumor, and anti-oxidativeproperties along with the biological and chemical
sensing, imaging, drug carrier, and diagnosis of the cancer/HIV/AIDS [127-131]. When the
researchers directed near-infrared laser light through the mice’s skin and at the tumors, the
resonant absorption of energy in the embedded nanoshells raised the temperature of the cancer-
ous tissues from about 37°C to about 45°C. The photothermal heating killed the cancer cells
while leaving the surrounding healthy tissue unharmed. In the mice treated with nanoshells, all
signs of cancer disappeared within 10 days; in the control groups, the tumors continued to grow
rapidly [132].

Silver nanotechnology, emerging as a fast growing technology in the field of orthopedics due
to its antimicrobial properties. Therefore, silver nanoparticles can be used in orthopedic appli-
cations such as trauma implants, tumor prostheses, bone cement, and hydroxyapatite coatings
to prevent the biofilm formation. Bio film formation is a major source of morbidity in orthope-
dic surgery. The promising results with in vitro and in vivo studies of the use of AgNPs in this
tield reduce the risk of infection in an effective and biocompatible manner [133].

7.2. Food industry

Silver nanoparticles are already utilized for various applications in areas such as food supple-
ments, food packaging, and functional food ingredients. To protect the food from dust, gases (O,,
COy), light, pathogens, moisture nanocomposite LDPE films containing Ag and ZnO nanopar-
ticles packaging, would be a safer, inert; cheaper to produce, easy to dispose and reuse-way.
Nanocomposite LDPE films containing Ag and ZnO nanoparticles were prepared by melt
mixing in a twin screw extruder. Packages prepared from the above films were used to carry/
store fresh orange juice, fresh meat (highly perishable commodity) to avoid the proliferation of
undesirable microorganisms and also to provide desired texture to the food, encapsulate food
components (e.g., control the release of flavors), increase the bioavailability of nutritional com-
ponents [134].
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7.3. Catalyst

In recent years, one of the most important applications of the AgNPs has been observed in
catalysis of chemical reactions. Nanosilver catalysts” with their unique reactivity and selectivity,
stability, as well as recyclability in catalytic reactions with atom-economy and environmental
benign nature, increases the interest in nanosilver-mediated organic synthesis in the last few
years. Nanosilver of different shapes and sizes catalyzed many organic transformations such as
cyclization, Michael addition, alkylation, alkynylation, oxidation, cross-coupling reaction, AS-
coupling reaction, reduction, Friedal-crafts, Diel-Alder reaction, and many more [135]. Resea-
rchers are fascinated to silver nanoparticles, since it has enabled unprecedented or low selective
transformations to highly reactive and chemoselective catalysis for various nanosilver-catalyzed
reactions. For example, kinetically difficult reduction of p-nitrophenol is not possible even in
presence of strong reducing agent NaBH, and month long aging. But, by the addition of AgNPs
in the same reaction mixture, it made the reaction possible by formation of the p-aminophenol
[136]. Studies in this field, revealed the strong potential of nanosilver catalysis in the total
synthesis of natural products and pharmaceutical molecules [137].

7.4. Air disinfection (biosols filter)

Bioaerosols are airborne biological origins such as viruses, bacteria, fungi, which are capable of
causing infectious, allergenic, or toxigenic diseases. Large quantities of these bioaerosols were
accumulated on the filters of heating, ventilating, and air-conditioning (HVAC) systems [138].
It often resulted in the low quality of indoor air. The WHO estimated that 50% of the biological
contamination present in indoor air comes from filter-medium after air filtration, which can
add on microbial growth. These pathogens generate mycotoxins which are dangerous to
human health. To reduce the microbial growth in air filters, Ag-deposited-activated carbon
filters (ACF) were effectively used for the removal of bioaerosols. Antibacterial activity analy-
sis of Ag-coated ACF filters was checked for Bacillus subtilis and E. coli [138]. It was found that
above two bacteria were completely inhibited the physical properties of ACF filters such as
pressure drop and filtration efficiency with in 10 and 60 min, respectively.

7.5. Drinking water purification

Studies supported that the silver nanoparticle (AgNP) can work as an excellent antiviral,
antimicrobial, and disinfectant agents. The results obtained showed that silver nanoparticles
in surface water, ground water, and brackish water are stable. However, in seawater condi-
tions, AgNP tend to aggregate. The comparison of AgNP-impregnated ceramic water filters
and ceramic filters impregnated with silver nitrate was made. The results showed that AgNP-
impregnated ceramic water filters are more appropriate for this application due to the lesser
amount of silver desorbed compared with silver nitrate-treated filters without disturbing
the water chemistry conditions and performance of the filters. Quaternary ammonium
functionalized silsesquioxanes-treated ceramic water filter desorbed less from the filters and
achieved higher bacteria removal than the filters impregnated with AgNP. This indicates that
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the quaternary ammonium functionalized silsesquioxanes compound could be considered as a
substitute for silver nanoparticles due to its lower price and higher performance [139].

7.6. General/health care

Nanosilver products such as beauty soap, hair shampoo and conditioner, body cleanser, tooth
brush, sanitizer, facial masksheets, skin care line, makeupline, wetwipes, disinfectant spray,
wash and laundry detergent, etc., have been influence our daily life at great extent [140]. Silver
nanoparticles can also be incorporated in manufacturing of the toothpaste or oral care gels.
Silver nanoparticles with particle size less than 15 nm and concentration of 0.004% w/w
showed maximum efficiency to prevent the growth of bacteria that causes unpleasant oral
smells and dental cavities [141].

The nanoproduct can also be used in dyeing of cosmetic foundations, eye shadows, powders,
lipsticks, inks, varnishes, or eyebrow pencils. According to Ha et al., the products with metal
nanoparticles, unlike the conventionally used metallic pigments, are not harmful to human
health, and may even have health benefits [142].

A soap with silver nanoparticles as one of the ingredients was prepared; and in 2013, the
method for its preparation was patented [143]. Nia had used the silver nanoparticles to
improve the plant growth of the plants (citrus fruits, grains, and oleaceae trees) [144]. Silver
nanoparticles-treated structure of textile materials [145] were used for antimicrobal activities
protected clothing. The authors reported that the silver nanoparticles coated nylon fibers used
in making of floor coverings/carpets that helps to secure them against bad odors and the
growth of pathogenic microorganisms [146].

8. Challenges and perspectives

The commercial use of the engineered nanomaterials, with at least one-dimension of 100 nm
or less, is increasing in the area of fillers, opacifiers, consumer/medical products (including
plastics, soaps, pastes, food, cosmetics, medicine, drug carriers, and highly sensitive SERS
application), catalysts, semiconductors, textile, waste water treatment, microelectronics,
bioimaging, etc. Materials at nano-level may induce some specific physical or chemical
interactions with their environment. As a result, they perform exceptional changes in the
properties like conductivity, reactivity, and optical sensitivity, in comparison to their massive
counterparts, which may enhance the processes such as dissolution, redox reactions, or the
generation of reactive oxygen species (ROS). These processes may be accompanied by biolog-
ical effects that would not be produced by larger particles of the same chemical composition.
The nanomaterials are responsible for the possible undesirable interactions with biological
systems and the environment which might generate toxicity. Therefore, there is an urgent
requirement to establish the principles, procure the test procedures to ensure safe manufacture
and commercial use of nanomaterials [147] to stop the uncontrolled release of nanoparticles to
the environment through waste disposal, and to incorporate the nanowaste and nanotoxicology
in the waste management. Thus, the bioaccumulation and toxicity of the nanoparticles may
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become important environmental issues. Although the amount of the nanoparticles in commer-
cial products are lower than those present in soluble form but the toxicity resulting from their
intrinsic nature (e.g., their size, shape, or density) may be significant. Moreover, the major
challenge in the treatment of nanowaste is the current need of the time. Not only the proper
understanding of its chemical, physical, and biological properties, but it also requires the apt
number of studies on the impact (short- and long term effects) of these new materials on
biological and environmental systems (acutely lacking area). It is necessary to have basic
information from companies about the level and nature of nanomaterials produced or emitted
and about the expectation of the life cycle time of nanoproducts as a basis to estimate the level
of nanowaste in the future. Without the knowledge of how to use, store, facilitate the separa-
tion, and recovery of recyclable and non-recyclable nanomaterials, the development of the
regulations in this field is difficult. Moreover, Ag metal has strong affinity toward the ele-
ments, i.e., O, Cl, S, and organic compounds (particularly, the thiol group containing com-
pound) and oxidation capacity that shorten the lifetime of Ag-NPs in the environment. The
kinetics of Ag-NPs corrosion increases with decreases in particle size. Sulfidation (significant
amount of the sulfide ion present in polluted water) is the most probable corrosion process
for metallic AgNPs undergo because of the very high stability of Ag,S. However, the mech-
anisms with the kinetics of the oxidation of Ag,S-NPs in to Ag,SO,, on contact with air or
microbial transformation, is needed to be deal with as Ag,SO, (Ksp = 1.2 x 10°) is consider-
ably more soluble than Ag,S (Ksp = 5.92 x 10°'"). Furthermore, in comparison to the
unsulfidized AgNPs and Ag ion, the toxicity of Ag,S-NPs has shown limited acute toxicity
because sulfidation momentously decreases the solubility [148]. Recently, the plasmonic
materials are in fashion because of their efficiency in optoelectronic materials; for example,
in a recent report, the hot electron transfer from a plasmon-induced interfacial charge-transfer
transition induced the quantum efficiency of the device up to 20% independent of incident
photon energy [149]. In addition to above, a better understanding of the hot carrier genera-
tion, transport, emission and relaxation timescale, engineering of semiconductor-hot electron
interface is still needed for better designing of the efficient hot carrier devices [150-153].
Beside all the challenges, the future of silver nanoparticles is bright because of their potential
use in biomedical applications as long lasting and enhanced antifungal, antibacterial, disin-
fection properties along with their utilization in drug delivery, diagnosis, bioimaging,
biosensoring, etc. Moreover, their role as an effective molecular sieve, metallic sorbent, and
catalyst for the removal of the environmental pollutions are commendable. There is great
hope for the application of Ag-NPs in the versatile field of computers and informatics,
cosmetics, textile, food, and medicine. Although a lot of work is done in this field, the full
potential of silver nanoparticles is yet to come into lime light with better understanding of
their mechanism and long lasting impact on environment and waste management.

9. Chapter summary

The chapter started with a brief introduction of the nanomaterials along with their historical
existence without in-depth knowledge. The importance of the silver NPs over other nanometals
was established on the account of their properties such as surface-enhanced plasmonic character,
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cost, stability, and so on. The synthesis methods and advanced characterization tools were also
discussed in keeping AgNPs in the mind. The applications of these competent nanoparticles
along with their goodness and special qualities are also described in the chapter. In the end, the

challenges and future prospective of this up-bringing area were discussed.
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