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Due to their various beneficial application-based properties, such as behavior, structure, and size, the
synthesis of silver nanoparticles (Ag-NPs) with different structures has become an interesting yet
common task for researchers to produce nanostructures for applications in various fields. This is because
silver nanoparticles have interesting and unique properties, such as optical and catalytic, resulting from
their different structures and sizes. These properties extend the use of nanostructures in various fields of
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Accepted 30th April 2018 research, especially in medicine, pharmacy, electronics, etc. Also, variations in their parameters affect the
structures and sizes of Ag-NPs. This review provides an overview/brief presentation of various

DOI: 10.1039/c8ra00440d methodologies used to synthesize different application-based silver nanoparticles and lists areas where
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1. Introduction

Nanotechnology is an advanced and modern field with novel
research involving the synthesis and design of structures sized
from 1 to 100 nm. Nanostructures have a broad range of

“Department of Metallurgical and Materials Engineering, National Institute of
Technology, Warangal, Telangana State, India. E-mail: ummethahirakhatoon@
gmail.com; ummethahirakhatoon@nitw.ac.in; nr_gvs@yahoo.com; gvsnr@nitw.ac.
in; mkmohanl@yahoo.com; mkmohan@nitw.ac.in

*Department of Chemistry, Faculty of Science, Selcuk University, Konya, Turkey.
E-mail: yoztekin@gmail.com

Ms. Umme Thahira Khatoon is
a research scholar in the depart-
ment of Metallurgical and Mate-
rials Engineering at the National
Institute of Technology, War-
angal, India. Her area of PhD
research is the synthesis of metal
nanoparticles and their
antimicrobial/anticancer proper-
ties. She received her B. Tech
(Biotechnology) and M. Tech
(Nanotechnology) degrees in 2008
and 2011, respectively, from
Jawaharlal Nehru Technological University, Hyderabad, India.
During her studies, she attended and participated in international
conferences, with paper and poster presentations in and outside India.
Her research interests include the synthesis of nanomaterials and
their biomedical applications as aspects of nanotechnology.

This journal is © The Royal Society of Chemistry 2018

these nanoparticles are suitable for use according to their specific structures and sizes.

applications.” Nanostructures play roles in areas such as
health care, cosmetics, food and feed, environmental health,
mechanics, optics, and biomedical sciences. They are also
important in the fields of chemical industries, electronics,
space industries, drug-gene delivery, energy science, opto-
electronics, catalysis, single electron transistors, light emit-
ters, nonlinear optical devices, and photoelectrochemical
applications.”® Researchers have synthesized nanoparticles
with various interesting shapes, such as ellipsoidal, spherical,
flowers, rods, stars, triangles, and tubes. There are different
methods to synthesize metal nanostructures containing silver.
These nanostructures can be obtained by physical, chemical
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and biological methods. Physical and chemical methods are
used by many researchers.”® Biological methods are eco-
friendly and non-toxic to the environment; these approaches
include using metabolites as stabilizing and capping
agents.”™

Among the three methods, biological methods have
advantages over conventional methods, which involve chem-
ical agents associated with environmental toxicity. Currently,
there is a growing need to develop eco-friendly processes
which do not use toxic chemicals in synthesis methodologies.
Selection of the solvent medium and of non-toxic reducing and
stabilizing agents is the most important issue to be considered
in the synthesis of nanoparticles. Ag-NPs are in demand
among other metal nanoparticles due to their unique prop-
erties, which can be incorporated into antimicrobial applica-
tions.”** These include biosensor materials,'*** composite
fibers,'**® cryogenic superconducting materials,"*® cosmetic
products,”>** and electronic components.**** Several physical
and chemical methods have been used for synthesizing and
stabilizing silver nanostructures.>?® The various sub methods
of chemical methods include chemical reduction, electro-
chemical techniques, physical/chemical reduction and radi-
olysis. In comparison, the chemical reduction method has
greater potential to synthesize a variety of nanostructures
while changing several parameters involved in the synthesis of
the nanostructures. Most of these methods are in the devel-
opment stage and involve crystal growth, morphology, and size
distribution and stability. Moreover, purification and extrac-
tion of nanoparticles for further applications are still signifi-
cant concerns.>”*°

This review presents an overview of the synthesis methods
of silver nanostructures with different shapes for different
applications.
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2. Methods of synthesis

Various methods are involved in synthetic chemical procedures
for the synthesis of nanostructures. Researchers have reported
that various factors, such as temperature and concentration of
metal precursors or chemicals, are used to optimize the growth
and morphological behavior of the particles.*

2.1 Lee Miesel method

The Lee Miesel method is a common method to synthesize
suspensions of Ag-NPs. This method uses many metal sources
rather than only AgNO;, unlike the Turkevich method.** Also,
the Lee Miesel method produces a broad distribution of particle
sizes. There are many examples where Ag salts and reducing
agents were used.***” However, the most common method to
synthesize Ag-NPs is reduction of AgNO; with NaBH,.**

Yu Wan et al. described a robust method for the stable
synthesis of quasi-spherical Ag-NPs. The method is based on
a combination of seed-mediated growth and the Lee Miesel
method. This synthesis includes the reduction of AgNO; with
citrate. Ag-NPs with sizes from 4 nm to 80 nm were obtained.
Crucial factors such as pH, temperature, time, and concentra-
tion were also discussed during the synthesis. Fig. 1 and 2
present the growth of Ag-NPs obtained using the Lee Miesel
reduction system and SEM images of Ag-NPs.** Alexander Pya-
tenko et al. described a combination of the seed technique with
laser treatment to synthesize Ag-NPs with diameters of 10 to
80 nm using a citrate reduction of AgNO;. Particles larger than
60 nm were produced using a multistep synthesis with laser
treatment. The most important factor was soft laser treatment,
which helped the heating and melting of the particles. However,
measures were also taken to avoid evaporation of the nano-
particles. Furthermore, soft laser fluence had no effect on the
size of the particles.*
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Fig. 1 (a) SEM image of Ag-NPs obtained by the Lee—Meisel method.
(b—f): SEM images of Ag-NPs obtained by a combination of the Lee—
Meisel method with seeded growth.®®
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Fig.2 Schematic of one-step and stepwise seeded growth of Ag-NPs
in the Lee—Meisel reaction system.*®

2.2 Chemical reduction method

Ratan Das et al. presented the optical properties of nanocubes
and nanocrystals which were prepared by chemical reduction
methods. They confirmed that the nanocubes were stable for
two months by SPR red shift.** After two months, the particles
started to agglomerate, indicating an aging process; the optical
properties were defined by photoluminescence spectra after two
months, which showed color changes and red-shifted SPR.
Ratan Das et al. stated that temperature is the key factor during

This journal is © The Royal Society of Chemistry 2018
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synthesis for a narrow distribution of nanocubes; the ideal
temperature was determined to be 170 °C with 500 rpm stirring
speed.*** The average particle size obtained using the Debye
Scherrer formula**** was in agreement with the ICSD file.****
They confirmed that the size of the noble metal nanostructures
increased beyond 20 nm; the bandwidth of SPR also increased
due to the extrinsic size effect.** Absorption and emission
spectra, which determine the optical properties, were obtained
in the visible range with 100 nm size distribution. Sang Hyuk Im
et al. synthesized nanocubes with dimensions of 1.2*¥12 nm 21
nm; 130 nm wide using HNO;, NaCl and Cl /O, as etchants in
a chemical process.*® Using this particular process, they were
able to synthesize 0.25 gm of material. This indicates that the
above process is robust and can be used to produce large-scale
nanostructures. They also stated that the presence of protons
slowed the reduction reaction and facilitated the formation of
crystal seeds.*® Yun-Min Chang et al. synthesized Ag nanocubes
with a heat treatment process using glucose,*** which is also
known to be a mild reducing agent. The chemicals were auto-
claved at 120 °C for 8 h to catalyze the process. The chemical
reaction of the Ag nanocubes is shown in eqn (1).

CH,OH(CHOH),-CHO + 2[Ag(NH;),]" + 20H~ — CH,OH-
(CHOH),-COOH + 2Ag + H,O + 2NH; (1)

It is also evident from other studies that cetyl trimethyl
ammonium bromide (CTAB) absorbed on the surface of nano-
particles provides steric hindrance, which prevents the coales-
cence of aggregates during the formation stage in solution due
to weak van der Waals forces. When these particles are dried,
they tend to retain a uniform size distribution.”® A change in
morphology when the molar ratio of glucose/silver ions was
changed was also described; the yields of the silver nanocubes
were estimated to be greater than 95%. Qiang Zhang et al
provided a method to synthesize nanocubes with 30 to 70 nm
edge lengths; this synthesis could be scaled up to 0.19 g per
batch for 70 nm of Ag cubes.** Many methods have been utilized
to synthesize Ag nanocubes using different metal precursors,
such as CF;COOAg, instead of AgNO;.>**' This has three
advantages: using the reaction time to control the size of the Ag
nanocubes; lack of sensitivity to ethylene glycol, thus improving
the strength/robustness and reproducibility of the polyol
synthesis; and straightforward and large-scale production with
high quality. Also, TEM images presented for different reaction
times prove that using NaSH and HCI is necessary for the
production of nanoparticles of uniform structure and size. It
has also been mentioned that in this method, NaSH plays a role
in the formation of single crystal seeds and Cl™ ions function as
a ligand for oxidative etching to eliminate twinned particles.
Hence, this method is not sensible to ethylene glycol because it
is sensitive towards polyol synthesis.

2.3 Polyol process

The polyol process is a chemical method where metals are
synthesized from metal-containing compounds in poly(ethylene
glycols). Ethylene glycol acts as both the solvent and reducing
agent.®” Seog-Jin Jeon et al. synthesized Ag-Nps using HNO; to

RSC Adv., 2018, 8, 19739-19753 | 19741
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Fig. 3 Working hypothesis for the deoxygenation process.®*
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Fig. 4 UV/vis absorption spectra of agueous solutions containing
silver nanocubes with different edge lengths (30 nm, 45 nm, and 60
nm).s4

initiate the process with minimal glycol aldehyde along with
silver nitrate.” The formation of nanocubes and nanowires was
due to etching. Fig. 3 presents the principle of deoxygenation
behind the production of nanocubes.

Sang Hyuk Im et al. have put forward a protocol to synthesize
nanocubes on a grand large scale by introducing HCI to
a simple polyol process where the HCI played a major role in
etching and dissolving twinned Ag-NPs.*® Eqn (2)-(4) explain
the formation of the nanoparticles.

2HOCH,CH,OH — 2CH;CHO + 2H,0 @)
2Ag" + 2CH;CHO — CH;CHO-OHCCH; + 2Ag + 2H* (3)
4HNO; + 3Ag — 3AgNO; + NO + 2H,0 (4)

Sang Hyuk Im et al. synthesized nanocubes with different
edge lengths of 30 nm, 45 nm, and 60 nm, as shown in Fig. 4.%>%*
Sara E. Skrabalak et al. described a protocol for the preparation

19742 | RSC Adv., 2018, 8, 19739-19753

of Ag nanocubes in a rapid reaction time of 15 min using
a polyol method, where the color of the sample changed from
purple/black to yellow-orange to brown-opaque-red to green-
ochre.® Sara E. Skrabalak et al. are among the few researchers
who have described the phenomenon of Ag-NPs formation as Ag
atoms reach supersaturation.® They agglomerate to form seeds
and then grow into Ag nanostructures, which is the core
formation process of any nanoparticle.® Yugang Sun et al.
attempted a large-scale synthesis of Ag nanowires with diame-
ters of 30 to 40 nm and lengths of 50 pm; they presented the
properties of the nanowires, describing them as electrically
continuous with a conductivity (—0.8 x 10° S cn~ ') approaching
that of bulk silver.®” Table 1 presents the procedures used to
obtain the product. Yugang Sun et al. presented an interesting
method of a Pt-seeded polyol process to prepare silver nano-
wires. UV-vis SPR showed a peak at 530 nm, indicating the
formation of rod-like structures, whereas the UV-vis spectrum
showed a peak at 410 nm that red-shifted to 510 nm, showing
a change of the structures from spheres to rods. Fig. 5 and 6
show the different mechanisms involved in synthesizing
nanowires.®®’>”® Nanowires have been prepared by many
methods; the mechanisms corresponding to the different
methods are shown in Fig. 7 and 8.”*7 The researchers also
stated that surface roughness can be minimized by depositing

68-71

thin and long Ag NWs on polymer matrices.

2.4 Electrochemical method

Cai Hong Liu et al. presented the application of silver nanowires
(NW) as a transparent flexible and conductive thin film. The
NWs were also applied as electrodes, where silver nanowires
were preserved in isopropyl alcohol using polyethylene tere-
phthalate [PET] as a substrate to prepare the electrodes.” Fig. 9
presents nanowires with different sizes.”” Rodriguez et al
described an electrochemical procedure to synthesize Ag-NPs
ranging from 2 to 7 nm in size by dissolving a metallic anode
in an aprotic solvent. Ag-NPs were obtained by reduction of
silver ions in acetonitrile containing tetrabutylammonium salts
(TBA bromide or TBA acetate). It has been noted that current
density plays an important role in maintaining particle size as
well as the efficiency of the process.””

This journal is © The Royal Society of Chemistry 2018
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Table 1 Products obtained when the reactants were added using different procedures®
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Sample
no. Procedure Product
AGO04 2.5 mL AgNO; and 5 mL PVP solutions were A mixture of silver nanowires (70%) and
simultaneously injected using syringes within colloidal particles (30%)
a period of 6 min (the standard procedure
described in the Experimental section)
AG12 1 mL PVP solution was injected within 10 s A mixture of silver nanorods (10%) and particles
before the addition of AgNOj3, and the AgNO; (90%)
(2.5 mL) and PVP (4 mL) solutions were
simultaneously injected within a period of 6 min
AG35 5 mL PVP solution was injected within 10 s, and Silver nanoparticles only
2.5 mL AgNO; solution was then injected within
a period of 10 s
AG36 5 mL PVP solution was injected within 10 s, and Silver nanoparticles only
2.5 mL AgNO; solution was then injected within
a period of 6 min
AG38 2.5 mL AgNO; solution was injected in 10 s, and A mixture of silver nanowires (70%) and

5 mL PVP solution was then injected within
a period of 6 min

“ The concentrations of the AgNO; and PVP solutions were 0.12 and 0.36 M, respectively.

colloidal particles (30%)

2.5 Electrodeposition method

Nasir M Abbasi et al. presented different synthetic techniques
for the preparation of Ag-NWs, indicating the effects of various
factors, such as temperature, time, rate, materials, and inert
conditions.” They also proved that the Ag-NWs have high
electrical conductivity, a high surface area, and a high aspect
ratio, which are essential for the preparation of Ag-NWs/
conducting polymer nanocomposites. Useful applications
include touch screens, liquid crystal displays, and solar cells.”

2.6 Biological method

Cheng Yang et al. attempted to produce nanowires (NWs) by
green methods rather than polyol, chemical reduction or other

UV irradiation

———————>

chemical-based methods. To synthesize nanowires, they used
water and glycerol as reducing agents and solvents at a high
temperature (210 °C) in an optimal ratio of 0.25%. They also
observed that a small amount of water increased the yield of the
nanowires.”” When NaCl and KCl were used as controlling
agents, they observed the formation of 60 to 70 nm nanowires,
respectively. They also observed this method to be simple and
reproducible compared to other methods.” In another investi-
gation, glycerol was used as a reducing agent instead of EG, in
contrast to nanostructures syntheses reported by other
researchers.®”® An optimum ratio of water/glycerol (0.25%) was
necessary to produce nanowires; otherwise, the presence of
other shapes was observed. Xiao lian Jing et al. synthesized
nanoflowers via a biosynthesis method using Flos-Magnolia E.

Recycle Reaction
& &
paratlon KN" . Growth oy ¥
&a ... @ .O Y 9 ’Qb
o o e % ..8.
L S - .

& oxidized H,PMO,0,

@ Agno,

Fig. 5 The processes involved in the preparation of Ag-NWs.®°
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Fig. 6 Formation process of Ag-NWs.®°

officinalis extract and compared this method with a green
synthesis involving reducing and stabilizing agents. Poly-
phenols played the main role in the reduction and synthesis of
nanoflowers. They also reported that in the green synthesis, no
stabilizing agent was used; different shapes of Ag nano-
products, such as spheres, ellipsoids, and rods, could be
prepared by varying the amounts of trisodium citrate (1 M) and
gallic acid. For example, 1:1 and 0.5:1 ratios of the metal
precursor and reducing agent were used. The TEM micrographs
obtained by these investigators are shown in Fig. 10.** Fig. 11
shows a schematic of the formation of Ag nanoflowers. Bikash
Kumar et al. applied bio-inspired techniques to synthesize
branched flowerlike Ag nanostructures which could be
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«~ Rod-like
PVP mlcelle

Polymer/sﬂver

“hanocable -~ Silver

nanowire

centrifugation

implemented in surface enhanced Raman scattering (SERS) and
antibacterial activity.®** The shape, size and surrounding
medium of the particles were studied by UV-vis optical spectra
with surface plasmon resonance (SPR) wavelengths (438 nm,
600 nm).**** Also, the spherical NPs were formed by reducing
Ag' with rutin; with time, the structure of the NPs changed to
short branches. After that, further nucleation and assembly
took place, and the crystals finally grew into flower-shaped
nanostructures. Also, with increasing concentration of rutin,
the shape of particles changed.

Ma Xinfu et al. followed an eco-friendly route to synthesize
nanoflowers. This biosynthesis route used 1-cysteine as
a reducing agent and capping agent in alkaline solution in
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Fig. 7 Process of the enhanced alignment of the reverse hexagonal liquid-crystalline phase during nanowire electro-deposition.”
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Fig. 8 General scheme for the synthesis of one-dimensional nanostructures (nanowires and nanorods) by the deposition of materials into

nanoporous templates.”

a 70 °C water bath.* This biological approach is simple,
convenient and significant for preparing stable metal nano-
structures in an aqueous medium.

3. Different shapes of silver
hanostructures
3.1 Silver nanocubes

Xia et al. synthesized Ag nanocubes with edge lengths of 115 + 9
and 95 + 7 nm using ethylene glycol to reduce AgNO;.***” Dabin
Yu et al. reported another approach to produce silver nanocubes
with sizes of 55 + 5 nm using a silver mirror reaction
approach.®®®® The silver mirror reaction is an old chemical route
to generate reflective mirrors on solid supports.*

Ag nanocubes were prepared at high temperatures above
80 °C. Similarly, there are reports on the synthesis of Ag nano-
cubes which were used as templates for gold nanoboxes and
iron nanocubes, which were then used as building blocks of
magnetic superlattices.*”** XRD analysis of the Ag nanocubes
indicated that the product stretches in a preferential'® orien-
tation, as the [200] intensity was three times greater than that

Fasu;r reaction rate
—_—
@)

High concentrations of Ag”

@ r A iNo

of.*** This observation indicates the ability of the Ag nanocubes
to assemble into a 2D array on a solid surface.” Dabin Yu et al.
were able to produce uniform nanocubes, as shown in Fig. 12.%

Also, they mentioned that increasing the molar ratio of
HTAB/[Ag(H3)2]" led to an obvious shape evolution of the Ag
nanostructures from spheres to cubes due to adsorption of the
surfactant on the surface of the silver crystal faces; these
adsorption characteristics depended on the molar ratio. The
minimum molar ratio to form nanocubes is 2.5 M, where the
sample color changed from orange to yellow in agreement with
the UV-vis spectra peak at 420 nm; this may lead to general and
mechanical applications of these nanocubes. E. V. Panfilova
et al. stated that the abovementioned method was not efficient
for controlling the size of cubic particles; changing the reagent
concentration® and reaction temperature changed the yield of
the nanocubes. Furthermore, Shengli Qi et al. stated that the
basic punch action is annealing. By altering the annealing time
at high temperature, the size of the nanocubes could be
changed from 90 to 160 nm.* Jiejun Zhu et al. attempted to
produce nanocubes which were obtained at different reaction
times of 40 minutes (70 nm) and 70 min (230 nm) at
a maximum temperature of 150 °C. XRD and TEM studies

Larger Ag nanoparticles  Lower aspect ratio Ag nanowires

— 3 -
— —
:Agt A i NOy (b) - Slower reaction rate - N
AgNO; dissolved in ethylene glycol pyB

Low concentrations of Ag”

Smaller Ag nanoparticles  Higher aspect ratio Ag nanowires

Fig. 9 Schematic of the use of different concentrations of silver nitrate to change the diameters of silver nanowires.”

This journal is © The Royal Society of Chemistry 2018
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Fig.10 TEM images of silver nanoproducts synthesized from the extract of Flos Magnoliae officinalis: (a) 2.5g L% (0) 5gL™ % (c)10g L™ (d) 20 g

Lh(e30gL:(M4a0gL e

showed the presence of sharp edges on the cubes; they were also
able to produce/observe nanorods by increasing the reaction
time. Also, with increasing time, the edge length of the Ag
nanocubes increased. Interestingly, the UV-vis spectra showed
SPR peaks at 543 nm and 665 nm with increasing reaction time
from 40 to 70 min and SPR peaks at 417 nm to 461 nm,
respectively, at low wavelengths.”> Qiyu Wang et al. demon-
strated the structure effects on the oxygen reduction reaction
(ORR) on similarly sized Ag dodecahedra and Ag nanocubes as
the working anode; they used a lamp to create the nanocubes.®®
Qiyu Wang et al. synthesized Ag dodecahedra and Ag nanocubes
via an electrochemical method; they also stated that the Ag
nanodecahedra had more active sites for catalytic activity than
the Ag nanocubes.” Yi Wang et al. followed a robust method for
the facile synthesis of small Ag nanocubes in the range of 18 to
32 nm;*® they successfully used diethylene glycol rather than
ethylene glycol to produce Ag nanocubes based on their
previous protocol. Ag nanocubes can be synthesized in different
nanosize ranges from 10 to 32 nm depending on the time scale

&5 \/(‘

+ f Bioreduction
\/\) {\\‘ﬁ\s 30°C

Biomolecules

Ag nucleus

ranging from 30 minutes to 180 minutes, using ethylene
glycol.®® Andrew R. Siekkinen et al. described the formation of
nanocubes using a series of concentrations of NaS at different
temperatures ranging from 145 °C to 160 °C; during the UV-vis
analysis, the SPR peak blue-shifted as the cube length decreased
and became closer to spherical.®***

3.2 Silver nanowires

Jian Yang Lin et al. clearly proved that the growth of Ag nano-
wires (NWs) is affected by the synthesis temperature, the
concentration of silver nitrate, and the rate at which silver
nitrate is added. It has been shown that with changing
concentration of AgNO;3, the diameter of the Ag nanowires also
decreases and the aspect ratio increases. These nanowires are
used for conductive films. Fig. 13 shows the NWs fabricated
with different concentrations of AgNO;.'** Fig. 14 and 15 show
the different morphologies of Ag NWs at various annealing
temperatures.'**

Fig. 11 Schematic of the morphology of Ag structures obtained using Flos Magnoliae officinalis.®*
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Fig. 12 TEM images of Ag nanocubes: (a) with low magnifications; (b—
d) with higher magnifications. Images c and d were recorded from
almost the same cubes; however, image d was recorded after rotating
the cubes by an angle of 30°.2

3.3 Silver nanotriangles

Chun fang Wu et al. demonstrated a simple, reproducible
controllable route to synthesize nanotriangles using olive seeds
and capping agents; the size could be tuned between 50 and
260 nm by adjusting the number of seeds or the mole ratio of
polyvinyl pyrrolidone [PVP] and AgNO;.'* By changing the
dropping speed and using a suitable concentration of trisodium
citrate, Ag nanotriangles with sharper corners and narrow size
distributions were synthesized. Fig. 16 shows the presence of
nanotriangles. Yi He et al. synthesized five silver equilateral
triangle plates with thicknesses of 10 nm and side lengths of 50,
100, 150, 200 and 250 nm, respectively. Ag nanotriangles were
synthesized using the discrete dipole approximation (DDA)

View Article Online
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method." Similarly, Andrew et al. experimented with synthe-
sizing silver nanoparticles with variable sizes and investigated
their optical properties.'*®

4. Applications

Metal NPs, especially Ag NPs, are interesting because of their
superior characteristics, such as magnetic, electrical, and
morphology controlled optical activities. These can be exploited
in electronic instruments, anti-microbial preparations,
cosmetics consumables, biosensor components, cryogenic
superconducting parts and composite threads.'*® Additionally,
these nanostructures have numerous uses in various areas,
such as curative imaging, nano-hybrids, filters, medicinal
transportation and hyperthermia of cancerous cells.'*”'%®
Nanostructures of metallic Ag have aroused the interest of
researchers because of their substantial associated activities in
various fields, such as integrated circuits,'” bio-tagging,
sensors and filters,° anti-microbe and deodorant threads,'"*
cell electrodes,"” Ag nanowires, economical paper batteries'*
and anti-microbes."* Metallic Ag NPs have been utilized
extensively as anti-microbial components in consumable pres-
ervation, cloth plating, health concerns and numerous envi-
ronmental applications.

109

4.1 Applications in catalysis

Nanocatalysis is an emerging area which employs nano-
structures as catalysts. It is recognized that elements such as
silver, platinum and gold in ionic form can catalyze oxygen
formation by degradation of hydrogen peroxide."***** Guo et al.
also reported that silver is an important catalyst for the reduc-
tion of formaldehyde to methanol and of ethylene oxide to
ethylene. Silver nanostructures inactivated on silica spheres
were studied for their capability to catalyze the oxidation of dyes
by NaBH, (sodium borohydride). In the absence of silver
nanoparticles, there was no motion and no reaction of the
dyes.'*®

Fig. 13 The synthesis of silver nanowires using different concentrations of silver nitrate; (a)—(e) PVP/silver nitrate molar ratios of 2, 4, 8, 16, and

32, respectively.*?
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Fig. 14 A simple graph of the mechanism for generating silver nanowires.**?

4.2 Electrochemical applications

Additionally, the electrochemical characteristics of silver NPs in
nanorange sensors offer rapid feedback times and lower
detection ranges. For example, electrodeposited silver nano-
structures on Al,O; plates with gold microstructured electrodes
manifested very high sensitivity to H,0,.""” Singaravelan et al.
synthesized Ag-NPs via an electrochemical route without using
special reagents. The Ag-NPs were characterized by TEM, UV-vis
spectroscopy, and FTIR. The optical band gap energy of Ag-NPs
(3.39 eV) is a potential candidate for optical and optoelectronic
devices. Furthermore, antibacterial activity studies showed
acceptable Zol of Ag-NPs against Gram +ve and Gram —ve
bacteria. This property suggests that Ag-NPs can also be used as
a bactericidal agent in biomedical applications."®

4.3 Magnetic beads

Susanne Pahlow et al. prepared silver nanoflowers on magnetic
beads, as shown in Fig. 17.**° This method is promising because
it can be used to easily and inexpensively produce silver
nanoflowers-coated magnetic beads which can also be used for
surface enhanced Raman scattering (SERS) diagnostics. Hon-
gyan Liang et al. demonstrated the use of Ag nanoflowers as
susceptible substrates of SERS (surface enhanced Raman scat-
tering). Researchers have also stated that Ag nanoflowers can
serve as highly sensitive and reproducible SERS substrates."® Ag
nanoflowers have many advantages, such as highly sensitive
SERS substrates, because these particles are stable and can be
reused several times."* These particles can be readily synthe-
sized on a large scale, and no byproducts are observed; as

a result, the environment will not be polluted. Hence, these
nanoflowers are a promising candidate for SERS applications.

4.4 Optical applications

The striking optical characteristics of NPs are responsible for
their applications in chemosensors and optical biosensors. One
of the objectives of investigation is the analysis of bio-binding
communication between antigens and antibiotics utilizing
triangular silver NPs."* Sensitivity is enhanced in the presence
of silver nanoparticles to detect zeptomoles. Utilizing the SPR
effect, the Ag-NPs attain immense sensitivity, and quantitative
analysis can be coordinated in real time. With the help of
detectors containing silver nanoparticles, one can examine an
organic substance inside a cell as well as observing the
dynamical reactions that occur.***

4.5 Plasmonic applications

Based on the localized surface plasmon resonance (LSPR) of
metallic nanoparticles, plasmonic nanosensors have proved to
be a powerful tool for biosensing applications.**® Lehui Lu et al.
synthesized Ag nanoplates with different sizes by reducing
[Ag(NH;),]" with ascorbic acid. As a result, the flowerlike
nanoplates have exhibited good surface-enhanced Raman
scattering (SERS) compared to spherical silver nanoparticles. It
has also been stated that flowerlike silver nanoplates show
potential applications in biological sensing and labeling
systems.'**

Mehmet et al. presented a novel method of combining soft
lithography and nanosphere lithography to fabricate flexible

Fig. 15 The surface morphologies of silver nanowires with different annealing temperatures: (a) 300 °C and (b) 400 °C.1%?
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Fig. 16
corresponding samples.*%3

and tunable plasmonic nanostructures. It has also been
observed that the surface plasmon absorption depends on the
dimensions (diameter and depth) of the nanostructures. Also,
the SERS measurement factor is dependent on the plasmonic
absorption wavelength and laser wavelength.'>

4.6 Antimicrobial activity

Fig. 18 shows the antibacterial activity of Ag nanoflowers which
are capable of performing diverse biological/clinical applica-
tions as stated by Bikash Kumar Jena et al.'** The investigators
also reported that Ag NPs processed utilizing extracts of leaves
from Vitex negundo at a convergence of 2 ppm displayed distinct
anti-microbial characteristics against clinically quarantined
pathogenic bacteria. In this interesting research, Ag-NPs

e
é {
—i
HRP and biotin
labelled

streptavidin modified magnetic beads
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(a—c) TEM images of as-prepared silver nanotriangles with different molar ratios of PVP and AgNOs; (d) vis-NIR absorption spectra of the

synthesised from extracts of Vitex negundo leaves had excellent
antibacterial characteristics.””'*®* The processed silver NPs
showed strong bacteriostatic motion on Escherichia coli and
Staphylococcus aureus; furthermore, they had stronger reactions
with Gram negative bacteria than with Gram positive
bacteria.”**® The antimicrobial influence of the silver metal
NPs showed more influential bacteriostatic effects on the
microorganism S. aureus.’>3>

4.7 Antifungal activity

Silver NPs at 50 pL displayed advanced antifungal activity
against Aspergillus nigeris, Candida albicans and Candida kefyr,
while intermediary activity was visualized against A. fumigates,
C. tropicalis, A. flavus and C. krusei.****** The assessment of their

“

———
silver
deposition kit

Fig. 17 Scheme of the preparation of silver nanoflowers on magnetic beads.**
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Fig. 18 Plots showing the antibacterial activity of Ag-NFs (SNFs) (A’
C') with respect to the standard antibiotics gentamicin (A and C) and
penicillin (B).*2¢

antimicrobial activities, such as antifungal and antibacterial,
was compared with Ag-NPs. Researchers observed that the
lowest prevention concentration of S. saprophyticus was 10.19 +
0.08 mg mL ™', which is lower than that of the other investigated
microbes. Uropathogenic Staphylococcus is a type of S. sapro-
phyticus which is frequently collected from immature female
outpatients with primary urinary zone infections. Silver NPs
show dominant antifungal characteristics against A. nigeris, C.
albicans, and C. kefyr. These investigators suggested that silver
nanoparticles synthesized by a green method show high anti-
fungal activity.'?>*3*

4.8 Antibacterial applications

Dolgaev et al. claim that Ag-NPs possess indispensable activities
in ecological areas, such as DNA sequencing and antimicrobial
activity. Silver has been recognized to inhibit the spread of
microbes by powerful toxicity (antibacterial activity).*** Tech-
nologists have acknowledged that Ag-NPs chemically combined
with O, (oxygen) are dangerous to microbes, especially
bacteria."*® Ag-NPs have numerous applications, such as beauty
products, socks, consumable containers, cleansers, sprays and
an immense number of different commodities, to hinder the
advancement of microbes.

4.9 Medical applications

Particular implementations of ionic silver and silver nano-
particles can be deployed in therapeutic applications for burn
therapy, teeth parts, sunscreen cosmetics, etc."*”***

5. Conclusions

The synthesis of Ag nanostructures with different shapes
represents a rapidly growing research area in the field of
nanomaterials because of the strong dependence of their
properties on their shapes. In this review, the formation and the

19750 | RSC Adv., 2018, 8, 19739-19753
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use of stabilizing agents, where solvents play a major role in the
formation of different silver nanostructures, has been pre-
sented; also, different shapes of nanoparticles and their appli-
cations were studied. Possible methods for the synthesis of
various silver nanostructures have been elaborated. An attempt
was made to select procedures for synthesizing various shapes
of nanoparticles for applications in various fields. It has been
observed that the growth of nanoparticles usually follows
a trend of three steps, particularly in solution-based methods:
these include nucleation, seeding, and growth. It has been
observed that the environment of production, parameters
during synthesis, thermodynamics, and kinetics at each stage of
synthesis have great impacts on the physical and chemical
behavior, properties, and control of nanostructures. Among the
methods of synthesis of nanosilver, the polyol method is suit-
able to produce different-shaped nanostructures by changing
the reaction conditions. As presented in this review, different
structures of nanosilver synthesized by various assembly tech-
niques have varied applications in many fields of science and
technology, such as biomedical, electronics, and computers.
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