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Abstract: Anisotropic nanoparticles have attracted considerable attention for their distinctive shape-
dependent optical, electronic, and catalytic properties, making them valuable across diverse
applications, including medicine and nanotechnology. This abstract presents an overview of synthesis
techniques used to produce anisotropic nanoparticles with controlled shapes, sizes, and compositions.
Various methods, including chemical reduction, seed-mediated growth, and template-assisted
approaches, are discussed in terms of their efficiency, reproducibility, and scalability. Emphasis is
placed on understanding the role of surfactants, reducing agents, and reaction conditions in driving
anisotropic growth. Additionally, recent advancements in green synthesis methods highlight the shift
towards environmentally friendly procedures. The review provides insights into how precise control
over nanoparticle anisotropy enhances their functional properties and enables their targeted applications
in photonics, biomedicine, and catalysis. The findings underscore the potential of these techniques to
advance the design and fabrication of next-generation anisotropic nanomaterials.
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1. Introduction

Nanoparticles with anisotropic shapes [1] [2] such as rods [3], triangles [4], stars [5],
and prisms [6] have become a central focus in nanoscience because of their distinctive physical
and chemical properties. Unlike isotropic nanoparticles, whose properties primarily depend on
size, anisotropic nanoparticles exhibit shape-dependent behavior that significantly enhances
their optical [7], electronic [8], and catalytic functionalities [9]. This shape anisotropy opens
up a spectrum of uses, with a specific focus on targeted drug delivery [10], biomedical imaging
[11], environmental sensing [12], and photocatalysis [13].

Anisotropic nanoparticles offer several advantages over regular, isotropic nanoparticles
due to their directional properties, which allow for enhanced control and functionality. Here
are some key points of importance:

1.1. Tunable Optical Properties

Anisotropic nanoparticles, such as rods or prisms, exhibit unique optical behaviors [14]
because they interact differently with light along their various dimensions. This results in
strong surface plasmon resonances (SPRs) [15] [16] that can be tuned by adjusting their shape
and size [17] [18]. These SPRs enable applications in sensing [12], imaging [11], and
photothermal therapy [19], where precise control over light absorption and scattering [20] [21]
is essential.
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1.2. Enhanced Catalytic Activity

Many anisotropic nanoparticles possess highly active crystal facets and edges that make
them excellent catalysts [22]. The sharp tips and high surface-to-volume ratio [23] of
anisotropic particles, such as nanostars or nanorods, expose more reactive sites [24], increasing
the efficiency and selectivity of catalytic reactions. This is valuable in environmental
applications and industrial processes where efficient catalysis is needed.

1.3. Targeted Biological Interactions

The unique shape of anisotropic nanoparticles improves their interaction with
biological systems, viz., nanorods and nanostars are more easily taken up by cells than spherical
particles, which enhance their effectiveness in drug delivery and imaging. Their shape can also
influence circulation time and biodistribution in the body, making them more effective in
biomedical applications like cancer treatment [25].

1.4. Improved Mechanical and Magnetic Properties

Certain anisotropic shapes, like nanowires and nanotubes, exhibit mechanical
properties that are useful in flexible electronics [26] and structural nanocomposites [27].
Similarly, anisotropic magnetic nanoparticles, such as iron oxide nanorods, show directional
magnetic properties [28], making them suitable for magnetic data storage [29] and targeted
magnetic hyperthermia [30] in cancer treatment.

1.5. Greater Stability and Environmental Control

Some anisotropic nanoparticles exhibit greater thermal and chemical stability, which
enhances their robustness under different environmental conditions. This provides benefits for
applications where long-term stability is crucial, like solar cells [31], sensors [32], and coatings
[33].

1.6. Enhanced Sensitivity in Sensing Applications

Anisotropic nanoparticles are highly sensitive to changes in environment, such as pH
[16], temperature [34], and the presence of specific biomolecules [35]. This sensitivity is
particularly useful in sensor technology, where these particles can provide precise and real-
time monitoring of chemical or biological changes, making them ideal for environmental
monitoring and diagnostics [36] [37].

1.7. Multifunctionality for Advanced Applications

Due to their shape-dependent properties, anisotropic nanoparticles can often perform
multiple functions. For example, gold nanorods can function both as contrast agents for
imaging [38] and as therapeutic agents in photothermal therapy [39]. This multifunctionality is
valuable in fields that require integrated solutions, like nanomedicine and theragnostic [40].

The synthesis of anisotropic nanoparticles is a complex yet exciting area of research,
involving the precise manipulation of growth processes [41] to achieve specific geometries and
aspect ratios [42]. Multiple synthesis techniques have been devised to achieve regulated
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anisotropy in these nanoparticles, including chemical reduction techniques [43], seed-mediated
growth [44], and template-assisted synthesis [45]. Each method requires careful control of
parameters, including surfactant types [46], reducing agents [44], and reaction temperatures
[44], which together influence the nucleation and growth processes [47]. Recent advancements
in synthesis have further enabled the production of anisotropic nanoparticles through more eco-
friendly and sustainable routes [48]. The development of green synthesis methods has opened
new avenues for producing these materials with reduced environmental impact, thereby
expanding their potential applications. This review explores key synthesis techniques for
anisotropic nanoparticles, highlighting the underlying mechanisms that drive anisotropic
growth, as well as recent innovations aimed at enhancing efficiency, scalability, and
environmental compatibility. The controlled synthesis of anisotropic nanoparticles holds
immense promise for advancing nanotechnology applications and enabling future
breakthroughs in materials sciences.

2. Synthesis Techniques

Nanoparticle synthesis is generally divided into two primary approaches: the top-down
approach [49] and the bottom-up approach [49]. Each of these approaches utilizes different
methods to control the size, shape, and properties of nanoparticles and has unique advantages
and limitations.
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Figure. 1. A schematic illustrating the top-down and bottom-up approaches for nanoparticles’ synthesis.

2.1. Top-down Approach

Nanoparticle formation via the top-down method relies on the physical or mechanical
breakdown of bulk materials, exemplified by milling, grinding, and lithography [49]. This
approach is particularly useful for fabricating specific shapes and sizes but has limitations
regarding the precision of size control at the nanoscale. Some commonly used top-down
methods of syntheses of nanoparticles are described below, briefly.
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Commonly used Top-down Methods:

2.1.1. Mechanical Milling

Bulk materials are mechanically ground to break down particles to the nanoscale [50]
[51]. This method is commonly used for metals and oxides but can introduce defects in the
particles and has limitations in achieving uniform sizes.

2.1.2. Laser Ablation

A high-energy laser [52] is directed at a solid material, causing the material to evaporate
and condense into nanoparticles. This technique allows control over particle size by adjusting
the laser’s energy and frequency, but it is generally low-yield and costly.

2.1.3. Lithography

Lithographic techniques, such as electron-beam lithography [53], are used to create
precise nanoscale patterns and particles on a substrate [54]. This method allows high precision
in shape and size but is typically used for creating two-dimensional nanoparticle arrays rather
than bulk synthesis and can be labor-intensive and costly.

2.1.4. Etching

Chemical or physical etching is used to remove material from a bulk substrate to
achieve nanoscale features. This is a common technique in semiconductor fabrication [55],
though its high cost limits its application in large-scale nanoparticle synthesis [56].

Advantages of top-down approach

There are a lot of advantages of top-down approach for syntheses of metal nanoparticles
and some of those advantages and limitations of this technique are mentioned below [60]-[67].
I.  This technique can be employed suitably to achieve some good control over
particle shape and size, which are required for certain applications.
Il.  Potentially high purity of nanoparticles can be synthesized, as contamination is
reduced by starting with high-quality bulk material.
I1l.  This technique is suitable for synthesizing larger particles or particles that
require specific geometries.

Limitations

I.  Often less precise for extremely small nanoparticles (<10 nm).
Il.  Higher chance of introducing defects, internal stress, or impurities due to
mechanical and thermal stresses.
I1l.  Higher energy and material waste, making it less efficient and environmentally
friendly.
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2.2. Bottom-Up Approach

In the bottom-up approach [57] [58], nanoparticles are created by assembling atoms or
molecules into larger structures. This approach is commonly used for synthesizing
nanoparticles in solution and allows for better control over the composition and size
distribution, especially at smaller scales. Some commonly used bottom-up methods are
described below.

Commonly used bottom-up methods

2.2.1. Chemical Reduction

Metal ions in solution are chemically reduced [59] [60] to form metal nanoparticles.
This is widely used for gold, silver, and other metal nanoparticles, where reducing agents (like
sodium borohydride) facilitate the growth of nanoparticles. Surfactants [59] [60] can be added
to control shape and size.

2.2.2. Sol-Gel Process

In this method, a solution of metal alkoxides or salts undergoes hydrolysis [61] and
condensation reactions [62] to form nanoparticles. This technique is widely used to produce
oxide nanoparticles and allows good control over size, porosity, and purity.

2.2.3. Seed-Mediated Growth

Pre-formed "seed" nanoparticles [63] are used as nucleation sites to grow larger
particles by adding more precursor material in a controlled manner. This approach is commonly
used to make anisotropic shapes like rods or stars, as shape-controlling agents’ direct growth
along specific dimensions [64].

2.2.4. Hydrothermal and Solvothermal Synthesis

Precursors are dissolved in water (hydrothermal) [65] or organic solvents
(solvothermal) [59] and subjected to high pressure and temperature. These conditions facilitate
the controlled growth of a variety of nanoparticles with different shapes and high crystallinity.

2.2.5. Synthesis Biological and Green Synthesis

Organisms like bacteria, fungi, and plants can synthesize nanoparticles by naturally
reducing metal ions. This eco-friendly approach [66] [67] avoids toxic reagents and provides
biocompatible nanoparticles but is limited by the rate of synthesis and variability in size and
shape. Some advantages and limitations of this technique are also mentioned below [66] [67].

Advantages of bottom-up approach

I.  High control over nanoparticle size and morphology, especially at the sub-10
nm level.
Il.  Often more environmentally friendly, especially in green synthesis.
I1l.  Scalability, particularly in chemical reduction and sol-gel methods.
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IV. Ability to incorporate a wide range of materials, including organic and
composite nanoparticles.

Limitations

I.  Aggregation can be a problem in solution-based synthesis, which affects
stability and uniformity.
Il.  Limited control over large-scale shapes or structures compared to lithography
in top-down methods.
I1l.  Some methods can require longer processing times or additional steps for
purification.

3. Chemical and Solvothermal Syntheses Techniques in Creating Anisotropic
Nanostructures

Due to the unique physical and chemical properties Ag nanostructures has gained
noteworthy attention in many practical applications. These practical applications demand the
controlling over size and shape of Ag nanostructures as the Plasmonic behavior depends on the
size, shape, and surrounding environment of the Ag nanostructures. For the synthesis of Ag
nanostructures two main approaches, namely chemical and physical methods are used
extensively. The ability to achieve desired shape and size makes chemical synthesis the widely
accepted method for Ag nanostructure production. In chemical synthesis techniques primarily
a given Ag precursor is reduced by a reducing agent and a stabilizing and shape promoting
agent has been added simultaneously to obtain desired growth. There are several reports
available on literatures on successful synthesis of Ag nanostructures, where Ag nanostructures
of desired shape and sized have been obtained by chemical synthesis techniques. Sun and Xia
[60] were the first to synthesize monodispersed silver nanocubes in large quantities using the
polyol method, where silver nitrate was reduced with ethylene glycol, and PVP dynamically
influenced both stability and morphology. The silver nanocubes of tunable sizes of 20-50nm
can be achieved by adjusting the molar ratio of AgNOs to PVP. This report initiated an
enormous curiosity among the researchers to explore the possibilities of wet chemistry methods
for controlling shapes, sizes and structures of Ag nanostructures [60]. Another shape of the Ag
nanostructures which have gained lot of research interest is Ag nanoprism because of its easily
tunable absorption property from visible to infrared just by varying its aspect ratio. Among the
different Ag nanostructures triangular silver nanoparticles (TNS), and Ag nanoprism have
gained huge attention from the research community due to the fact that varying the aspect ratio
(side length to thickness) allows for controlled shifting of the absorption band from the visible
to the infrared range. Thus lots of efforts have been paid to synthesize TNS and Ag nanoprism
of various aspect ratios. Jin et al. [68] was the first to synthesize Ag nanoprism in 2001 through
photo-induced conversion of the previously prepared spherical Ag nanoparticles by irradiating
it with conventional 40-W fluorescent light. Afterwards various synthesis methods are reported
where different wavelengths of the light were used to synthesize the Ag nanoprism. It is thought
to be the first step towards the successful combination of the light irradiation and chemical
reduction which paved the way for the successful synthesis of the Ag nanostructures. On the
other hand the Ag nanowire (AgNW) have created a lot of research interest in both academia
and industry because of their possible applications in many photonic and electron devices. In
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the last three decades researchers have prescribed different synthesis methods to prepare
AgNW and most of them are very similar to the strategy adopted in the synthesis of the
quantum wires. Initially Ag nanostructures were synthesized using electro-chemical methods
but it suffers from the disadvantages of the low yield and non-uniform nature of the synthesized
AgNW. However, with the advancement the polyol synthesis methods several researchers have
reported the successful synthesis of the uniform high yield synthesis of the AQNW. Sun et al.
(2023) successfully synthesized uniform silver nanowires (AgNWSs) by chemically reducing
silver nitrate (AgNO3) with ethylene glycol at a high temperature of 160 °C. The presence of
seed particles and polyvinylpyrrolidone (PVP), serving as stabilizing agents, enabled this
process. The resulting AgNWs exhibited consistent diameters ranging from 30 to 40
nanometers and impressive lengths reaching up to 50 micrometers. A polyol process has been
employed to synthesize silver nanowires. Coskun et al. [70] have performed detailed
parametric study on the polyol synthesis of the AQNW to investigate the role of temperature,
injection rate, molar ratio of PVP and AgNOs, NaCl amount, and stirring rate is on final
morphology of the AgNW. In these complex nanostructures of silver, the LSPR resonance
shifts to the near-infrared (NIR) which make them an obvious choice for the diagnostic and
therapeutic biomedical applications. Thus the synthesis of more complex structures of Ag, like
nano-cage and star shaped are carried out by researchers from different branches. Pal et al. [71]
performed an investigation into the reversible processes of formation and dissolution of silver
nanoparticles (Ag NPs) within aqueous solutions containing surfactants. Recently, Oliveira et
al. [72] synthesized star-shaped Ag nanoparticles using chemical reduction, deposited them
onto office paper, and utilized the resulting substrate for analyte detection via SERS.

Hydrothermal and solvothermal synthesis methods are recognized as effective
techniques for producing metal nanoparticles with diverse shapes and sizes. The hydrothermal
and solvothermal techniques are not new; in the past century they are extensively used in the
extraction of element from ore. Hydrothermal synthesis involves chemical reactions in aqueous
solutions at temperatures exceeding water's boiling point, whereas solvothermal synthesis
utilizes non-aqueous solvents. In this synthesis technique as the temperature is maintained
above the boiling points of the liquid used to behave as supercritical fluids which promote the
synthesis of the highly crystalline metal nanoparticles. Anisotropic structures can be formed
by simply varying the reaction time or temperature. The hydrothermal/solvothermal process
has other advantages too like (i) it is a green synthesis technique as it is performed on closed
system conditions, (ii) we can unused and the un-reacted component (iii) precipitants are not
always needed and it easy to obtained composites (iv) it is possible to obtain highly pure
synthesis product, (v) in this technique we can control the crystal size, morphology,
composition, and polymorphism of the synthesized materials [73]. Table 1 below summarizes
recent reports on chemical and hydrothermal synthesis techniques used to create Ag
nanostructures of various shapes and sizes.
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Table 1. Chemical and solvothermal synthesis technique of some silver nanostructures

Nanostructures Method Chemical used Size Year References

Spherical Chemical Silver nitrate, Chloroauric Diameter 48 nm 2010 [74]
acid,  trisodium citrate
dihydrate, Hydrochloric acid,

Nitric acid

Chemical Silver nitrate, Sodium citrate, Diameter 20-100nm 2012 [75]
Glycerol-water mixture

Chemical Silver nitrate, Trisodium Diameter 16-31nm 2014 [76]

citrate dihydrate, potassium
iodide, sodium chloride,
sodium bromide, sodium
sulfide nonahydrate,
anhydrous sodium carbonate,
anhydrous sodium sulfate,

trisodium phosphate
dodecahydrate and ascorbic
acid

Chemical Silver nitrate, trisodium Diameter 10-50nm 2014 [77]
citrate and tannic acid

Chemical Silver  acetate,  sodium Diameter 9.57 + 2 2018 [78]
borohydride, D-gluconic  nm
sodium salt and ferric
chloride

Cubic Chemical Silver nitrate, Ammonia Edge length 55nm 2004 [79]

solution, n-
hexadecyltrimethylammoniu
m bromide

Chemical silver nitrate,ascorbic acid, Edge length 2015 [80]
cetyltrimethylammonium 204+29nm
bromide,

cetylpyridiniumchloride,pota
ssium bromide ,Hydrochloric
acid , Ammonium hydroxide

solution (
Chemical Cetyltrimethylammonium Edge length 36- 2016 [81]
chloride ascorbic acid, silver  56nm
trifluoroacetate, iron(l11)
chloride, sodium

borohydride, sodium chloride
and 1,4-benzenedithiol

Nanoprism/ Chemical N,N-dimethylformamide, Edge length 80- 2002 [82]
Nanoplate polymer 200nm
poly(vinylpyrrolidone)
Chemical Silver nitrate, sodium Edge length 20- 2008 [83]
borohydride, 65nm
trisodium citrate and aqueous
poly(sodium
styrenesulphonate)
Chemical Silver nitrate, sodium  Edge length 2010 [84]
borohydride, 100+20nm

trisodium citrate, sodium
hydroxide,  nitric  acid,
sodium acetate, acetic acid,
1,10-phenanthroline, 2,4,5,7-
tetrabromofluorescein

Chemical Silver  nitrate, trisodium 2016 [85]
citrate,
poly(vinylpyrrolidone),
Hydrogen peroxide

Chemical Silver nitrate, sodium 2017 [86]
borohydride,
trisodium citrate, sodium
hydroxide

Chemical Trisodium Citrate, Hydrogen  Edge length 35- 2017 [87]
Peroxide, Silver Nitrate 105nm
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Nanostructures Method

Chemical used

Size

Year

References

Solvotherma
|

Silver nitrate, poly(vinyl
pyrrolidone), N,N-
dimethylformamide

Edge 50-

150nm

length

2007

(88]

Solvotherma
|

N,N-dimethylformamide
silver nitrate,
poly (vinyl pyrrolidone)

Edge length few

micrometer

2009

[89]

Solvotherma
|

Silver nitrate, poly(vinyl
pyrrolidone), N,N-
dimethylformamide, Ferric
chloride

Few micrometer

2011

[90]

Nanowire/nanorods  Chemical

Silver nitrate, CTAB,
Ascorbic acid and Sodium
hydroxide

Lenth
micrometer

1-4

2001

[91]

Silver nitrate, sodium citrate
and Sodium hydroxide

Up to 12micrometer
length

2003

[92]

Silver nitrate , Ascorbic acid
and poly(methacrylic acid)

Few hundred

micrometer

2004

[93]

Silver nitrate, potassium
tartaric, Silver nitrate,
Sodium hydroxide

Length 1-10

micrometer

2006

[94]

Potassium nitrate,  Silver
nitrate, Sodium borohydride

Average
length ~535 nm and
width ~131 nm

2017

[95]

Silver nitrate,
pyrrolidone),
sodium chloride
potassium

bromide and ethanol

poly(vinyl

and

Length 20-50nm

2017

[96]

Sodium tetrahydridoborate |,
hydrochloric acid, ascorbic
acid, Cetyltrimethyl
ammonium bromide ,
hexadecyltrimethyl
ammonium chloride , Silver
nitrate and tetrachloroaurate,
Trisodium citrate

Length 150-800nm

2017

[97]

Hydrotherm
al

Silver nitrate, Methenamine,
1,3-
bis(cetyldimethylammonium
) propane dibromide (16-3-
16),

length ranging from
several to tens of
micrometers

2006

[98]

Solvotherma
|

Silver nitrate , Poly(N-
vinylpyrrolidone)  ethylene
glycol, and sodium sulfide
(NazS)

length ranging from
several to tens of
micrometers

2010

[99]

Solvotherma
|

Silver nitrate, poly(vinyl
pyrrolidone), Ethylene
glycol, Ferric chloride

Several micrometer

2011

[100]

Nanoflower Chemical

Silver nitrate, rutin hydrate

2009

[101]

Silver nitrate, Ascorbic acid
and Poly(N-
vinylpyrrolidone)

2009

[102]

palmate-tuber salep, Silver
nitrate,

2011

[103]

nitrate, Ammonium
citrate  dibasic, Aqueous
ammonia solution, Boric
acid, L-ascorbic

Silver

2017

[104]

3.1. Green Synthesis Growth Mechanism of Anisotropic Silver Nanostructures and The Role of
The Reaction Parameters and Capping Agents

In the last century we have witnessed the enormous development of colloidal
nanoparticle syntheses techniques [72] [102]. The growth mechanisms of these nanoparticles
have been extensively studied due to their fundamental interest in theoretical and experimental
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science. While colloidal nanoparticles exhibit enhanced electrical, magnetic, and chemical
properties compared to bulk materials, these properties are highly dependent on size, shape,
composition, and crystalline structure [105] [106]. So, the practical application of the colloidal
particles in various field demands the alteration of the above properties. Thus, the principal
knowledge on the growth of the nanoparticles provides the desired ability to manipulate the
above parameters which results in the formation of the colloidal nanoparticles having preferred
shape and sizes. Becker and Doring [107] were the first to develop classical theory for
nucleation and growth of underlying processes of colloidal nanoparticles’ syntheses and later
it was improved by La Mer and co-workers in 1950 [108] and these models are still in use to
explain the growth process of colloidal nanoparticles. There are two types of nucleation which
occur in the colloidal synthesis process, those are homogeneous and heterogeneous nucleation
[107] [108]. Homogeneous nucleation involves the uniform formation of nuclei within the bulk
of the parent phase. In contrast, heterogeneous nucleation is facilitated by structural
inhomogeneity, such as container surfaces, impurities, grain boundaries, and dislocations,
which act as nucleation sites. Heterogeneous nucleation is significantly more favored in the
liquid phase due to the readily available surfaces as stable nucleation sites. The Gibbs free
energy change during nanoparticle surface formation provides insight into the thermodynamic
driving force for nucleation. By considering a homogeneous nucleation process, the Gibbs free
energy of spherical nanoparticles of radius r can be written as [107],

AG, = %M’BAGC + 4?5 1)

Where, AGc is the bulk crystal free energy, ¢ is the surface free energy. Now AGc = -KT In(S)
/ 'V where, K is the Boltzmann constant and T is the temperature, S is the super saturation
constant and V is the molar volume. As the crystal free energy is always negative and surface
free energy is positive, a critical radius (rc) must be reached so that particle remains stable in
the solution without getting re-dissolve in the solution. The critical radius can be found out by
setting dAGr /dr to zero at r = re,

Which yields,
re = -20/AGc = 26v/2In(S) (2)

Thus AGT will pass through a critical value which can be written in terms of the critical radius
as,

AGT® = 4/37rc® 3)

The rate of the nucleation (dn/dt) is related to the critical value of the total Gibbs free energy
by the following relation as,

% =ax exp(— AGS [ KT ) (4)

%:axeXp(—167z53\/3/3K3T3|”(S)) ®)

121



Multidisciplinary Research Journal Volume 1, Issue 2, 2025
ISSN: 3049-2718 (Print) April — June 2025

Equation (5) clearly demonstrates that the nucleation rate is strongly influenced by several
critical factors, including surface free energy, super saturation and temperature. Also, the effect
of the super saturation on the nucleation rate is predominant as reported by other researchers.
Capping agents significantly influence nanoparticle properties by modifying their surface free
energy. This modification can lead to enhanced stability and in specific cases, induce
anisotropic growth, resulting in particles with unique shapes. Temperature exerts a significant
influence on nanoparticle synthesis, impacting both nucleation rates and the resulting particle
morphology. By carefully controlling reaction temperature, it becomes possible to engineer
nanoparticles with diverse and tailored shapes. So the reaction parameters can be tuned to get
desired reaction rate and the synthesis of the nanoparticles of different size and shape are
possible.

Critical Saturation
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Figure 2. The La Mer diagram illustrates nanoparticle nucleation and growth. C1 represents the critical
supersaturation for nucleation initiation, C2 indicates the onset of self-nucleation or burst nucleation, and C3
denotes the critical supersaturation level.

In contrast to homogeneous nucleation, heterogeneous nucleation preferentially occurs
at specific sites within the material, such as phase boundaries or impurities [109]. These
preferential sites are lower in surface energies therefore require less activation energies to
promote particles growth. Consequently, heterogeneous nucleation is observed more
commonly than homogeneous nucleation. Also, in seed mediate growth heterogeneous
nucleation provides the driving force for the anisotropic growth process [110]. La Mer and his
colleagues were the first to propose the concept of the burst nucleation and separate the two-
process nucleation and growth [111]. Burst nucleation is characterized by a rapid and
simultaneous formation of nuclei, followed by their immediate growth into particles without
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further nucleation events. The mechanism of nucleation and growth can be explained in terms
of the LaMer diagram as shown in the Fig. 2. In the region-1 monomers are produced due the
reduction of metal precursor and after certain time its concentration reaches at certain critical
supersaturation level and homogeneous nucleation starts.

In region 11, burst nucleation occurs when the saturation level overcomes the nucleation
energy barrier, resulting in the rapid, simultaneous formation of many nuclei [111]. However,
in region Ill, this rapid nucleation event significantly reduces the supersaturation level,
effectively inhibiting further self-nucleation. Consequently, particle growth primarily proceeds
through the diffusion of monomers from the solution to the existing particle surfaces.

Along with the La Mer mechanism of the nanoparticles nucleation and growth Ostwald
ripening [112] and coalescence mechanism [113] are proven to be the suitable mechanism to
describe the nanoparticles growth. Ostwald ripening [92] is the process by which larger
particles grow at the expense of smaller particles in a system. This occurs because smaller
particles, with their higher surface area-to-volume ratio, possess greater surface energy and are
thus less stable. Consequently, they tend to dissolve more readily into the surrounding medium.
The dissolved molecules then diffuse through the medium and attach to the surfaces of larger
particles, causing them to grow. This ongoing process results in a reduction of the overall
surface area, leading to a more thermodynamically stable system. In case of the Ostwald
ripening nanoparticles with single domain will form [92] and in case of coalescence
nanoparticles with multiple domains will form [93]. However, coalescence and orientated
attachment [114] process are differing from each other due to the fact that in case of
coalescence, there is no particular liking for the attachment in a certain crystallographic plane.
But in case of the orientated attachment, growth [115] is taken place in continuous
crystallographic planes. Application of the nanoparticles in the desired fields requires the
synthesis of different shape and sizes as most of their physiochemical properties depends on
the shape and sizes. Here surfactants can play a major role in synthesizing nanomaterials of
different shape and sizes. Surfactants are preferentially attached to certain crystallographic
plane at the nucleation sites by surface adsorption of surface-active molecules which
determines the overall growth and the shape, size of the nanomaterials [115]. A diverse range
of surfactants, encompassing ionic, nonionic, and amphoteric varieties, have been effectively
employed to control the shape of synthesized nanomaterials. Polyvinylpyrrolidone (PVP), a
nonionic polymer, is a prominent surfactant used for shape-controlled synthesis of metals,
metal oxides, and metal chalcogenides with defined structures. PVP's versatility as a surfactant
stems from its multiple functions, including shape control, surface stabilization, growth
modification, nanoparticle dispersion, and reduction, depending on experimental conditions
[116]. Surface free energy significantly influences nanocrystal morphology during crystal
growth. In case metallic fcc structures the order of the surface free energy of the
crystallographic planes is {111} < {110} < {100}. Due to the high surface energy of the {100}
facets PVP attached preferentially [116] to it by direct binding through the oxygen atom and a
Van der Waals type bonding is formed. In the synthesis of Ag nanostructures, multiply-twinned
nanoparticles (MTPs) with dodecahedral geometry are frequently observed as the predominant
seed morphology.
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(a) (b)

Ag Dodecahedron

Scheme 1. (a) Schematic representation of the growth mechanism for Ag nanowire formation. (b) Schematic

illustration of the growth mechanism of twinned nanostructures (TNS) in the presence of PVP.

Furthermore, their inherent twin defects contribute to their high reactivity. Thus, Ag
monomers are attached to these high energy defects sites and leading to uniaxial growth. As
decahedra grow into pentagonal nanorods, PVP preferentially attaches to the {100} side facets
at the nanowire ends, rather than the {111} facets, as shown in Scheme 1(a) [116]. PVP
passivates the nanorod side surfaces, while the ends remain active for Ag monomer attachment.
This anisotropic growth results in rapid elongation of the nanorods into micrometer-long
nanowires. On the other hand, in case of TNS {111} crystallographic facets present at both the
top and bottom surfaces. The side facets of TNS contain twin planes of a {111} facet and a
{100} facet with stacking faults [97].

As previously discussed, the surface energies of different facets in an fcc crystal
structure exhibit a hierarchy. Side facets, typically composed of a combination of {111} and
{100} planes, generally possess higher surface energies in compared to those of the top and
bottom surfaces, which are predominantly {111} planes. Thus, newly formed Ag monomers
produced in the solution by reduction get attached preferentially to the side facets and as a
result lateral growth proceed extensively as shown in the Scheme 1(b). As the PVP get attached
preferentially to the {111} facets the use of the PVP may hinder the uncontrolled growth of the
TNS in larger nanoplate and results in the production of the TNS in the solution [117].

The diverse morphologies observed during synthesis likely arise from variations in the
growth rates of crystallite faces, influenced by reaction temperature [118]. This differential
growth is schematically illustrated in Scheme 2. The reduction of silver nitrate in the presence
of seed particles (nanometer-sized) results in nanoparticles of varying sizes, formed through
homogeneous and heterogeneous nucleation, and Ostwald ripening. Anisotropic structure
formation, particularly during surfactant-assisted growth, is significantly influenced by the
single, twinned, or multiple-plane arrangements found in the fcc structure of silver crystals.
This process relies on two crucial factors: (i) dodecahedral multiply-twinned particles (MTPSs)
and (i) PVP as a surfactant. TEM image analysis conducted during the initial stages of
synthesis, as reported by Biswas et al. [16], confirms the presence of dodecahedral MTPs
during early nucleation. These MTPs exhibit five-fold symmetry and are enclosed by ten {111}
facets. Additionally, HRTEM imaging was used to determine the spacing between consecutive
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{111} planes of the MTPs, which was measured to be 0.23 nm, aligning with values reported
in the literature.
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Scheme 2. A schematic depiction of evolution of shapes of different metal nanostructures starting from different
seed crystals.

Scheme 2 schematically shows the evolution of silver nanostructures from seed crystals
with Volterra disclinations [119]. Twin boundaries within multiply-twinned particles (MTPs)
[120] represent high-energy sites, attracting silver atoms during Ostwald ripening and
promoting uniaxial growth, leading to nanorod formation. The preferential binding of PVP to
newly formed {100} side surfaces (through interactions with O or N2 units) inhibits lateral
growth, while the exposed end surfaces remain reactive, facilitating continued growth along
the longitudinal axis, resulting in nanowire structures. Previous studies [121] have shown that
slight thermal fluctuations can induce structural changes in small nanoparticles. At smaller
sizes, five-fold symmetric structures like icosahedra and decahedra exhibit greater stability,
while cuboctahedral shapes become more stable at larger sizes. As particle size increases,
structural fluctuations decrease, stabilizing the nanoparticle's morphology (single-crystalline
or multi-twinned) and improving shape control. At lower temperatures, smaller silver
seeds/nuclei experience greater structural fluctuations, allowing for the formation or removal
of defects based on their energetic favorability [122] [123]. As the seed crystal grows, thermal
energy becomes insufficient to alter the defect structure, locking it into a specific morphology.
Consequently, lower-temperature synthesized samples exhibit higher defect densities, which
can serve as preferential growth sites in the presence of PVP. Wiley et al. [122] showed that
cubo-octahedral single crystals, small singly-twinned spheres, and decahedral multiply-
twinned particles yield cubic crystals, spherical particles, five-fold twinned rods, and twinned
wires, respectively.
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4. Synthesis of anisotropic metal nanoparticles

4.1. One pot synthesis of different shaped silver anisotropic silver nanostructures

Biswas et al. [16] successfully synthesized Ag nanostructures with diverse
morphologies using a facile one-pot chemical method. This approach involved varying the
reaction temperature to control the final shape. In a typical synthesis, 7.5 mM AgNQO3, 40 uM
PVP, and 25 mM benzoic acid were simultaneously added to 30 mL of methanol. After 30
minutes of vigorous magnetic stirring at room temperature, a yellow-colored solution was
obtained. The solution's temperature was then gradually raised from room temperature to 120
°C. Aliquots were collected at 10 °C intervals (60 °C, 70 °C, 80 °C, 90 °C, 100 °C, 110 °C,
and 120 °C) and labeled as S-60, S-70, S-80, S-90, S-100, S-110, and S-120, respectively. The
representatives of the TEM images for these samples are shown schematically in the
accompanying Scheme 3 (for the original TEM images, please refer to Ref. 16).

Shape Evolution of Anisotropic Silver Nanostructure with Temperature

Quasi spherical
Triangular Dodecahedral Rod Spherical

Pentagonal Spindle Wire

Cuboctahedron Q%1 Spherlc

O

60 degree 70 degree 8o degree 90 degree 100 degree 110 degree 120 degree

Scheme 3. A schematic depiction of different shaped silver nanoparticles those can be obtained at different stages
of chemical synthesis (for the original images, please refer to Ref. 16).

4.2. Solvothermal synthesis technique to synthesize silver nanotriangle and silver nanoplates

There are number of earlier reports on syntheses of silver nanotriangle and silver
nanoplates and amongst others, Biswas et al. [34] employed solvothermal synthesis approach
for the production of triangular Ag nanostructures. In a standard experiment, 0.15 mM PVP
was added to 40 mL DMF with continuous stirring, followed by 3 mM AgNO3. After 10
minutes of stirring, the mixture was transferred to an autoclave and heated to 160 °C. Samples
were collected at 2, 4, and 8 hours, labeled as S1, S2, and S3, respectively. A schematic
representation of the TEM images for these samples is provided in the accompanying Scheme
4 (for the original TEM images, please refer to Ref. 34).

126



Multidisciplinary Research Journal Volume 1, Issue 2, 2025
ISSN: 3049-2718 (Print) April — June 2025

Scheme 4. Schematic demonstration of triangular and plate like shapes of silver nanostructures synthesized at
different temperatures (for the original images, please refer to Ref. 34).

4.2. Solvothermal synthesis technique to synthesize silver nanotriangle and silver nanoplates

Biswas et al. [12] reported the synthesis of gold nanostructures with diverse shapes
using a seed-mediated approach, which involves a two-step process.

(i) Seed Preparation

Gold seeds (GNs) with a size distribution of 5-10 nm were prepared as follows: 10 mL
of 0.2 M [reducing agent] was added to 10 mL of 0.05 mM HAuCI4 under vigorous magnetic
stirring. The rapid addition of 1.2 mL ice-cold NaBH4 solution caused an immediate color
change from yellow to brownish-yellow, indicating gold seed formation. The solution was
stabilized for 2 hours before use.

(a) (b) ®
(] e .
Jeo ° X

o © @
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(c) (d)

PN
S2 . S3

Scheme 5. The shapes of gold seeds (a) spherical gold nanoparticles (b) nano-rice (c), and gold nanorods (d)
synthesized by seed mediated synthesis techniques are shown schematically (for the original images, please refer
to Ref. 12).
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(ii) Growth of Gold Nanostructures

50 mL of 0.2 M CTAB solution was prepared in four separate beakers. Subsequently,
0.5mL, 1 mL, 1.5 mL, and 2 mL of 0.04 M AgNO3 were added to each beaker, respectively,
and labeled as S1, S2, S3, and S4. 50 mL of 0.001 M HAuCl4 solution was then added to each
beaker, followed by the gentle addition of 0.7 mL of 0.08 M ascorbic acid. Finally, 1.2 mL of
the pre-prepared seed solution was added to each beaker, resulting in a distinct color change in
each solution, indicating the formation of gold nanostructures with varying shapes and sizes.
Schematic representations of the shapes of these samples are provided in the accompanying
Scheme 5(a-d) (for the original TEM images, please refer to Ref. 12).

5. Surface Plasmons oscillation in metal nanoparticles: Influence of shape, sizes and
environment

Metal nanoparticles exhibit remarkable plasmonic [124, 125] performance in the visible
spectrum, with each metal displaying distinct optical properties. For instance, silver (AgQ)
nanoparticles exhibit minimal overlap between surface plasmon resonance (SPR) [124,125]
and interband transitions [124,125], resulting in sharper and more intense plasmonic
resonances compared to other metals like gold (Au) or copper (Cu). In contrast, Au
nanoparticles show partial overlap between interband transitions and SPR, leading to broader
resonance peaks [125] and reduced SPR intensity. The unique optical properties of metal
nanostructures arise from the interaction between conduction band electrons and incident light.
This interaction causes oscillatory motion of the loosely bound conduction electrons relative
to the positively charged core, creating electric dipoles due to charge separation. Coulombic
forces between these dipoles act as a restoring force, sustaining the oscillation. The energy of
this oscillatory motion is quantized as plasmons [126]. Scheme 6 schematically depicts
localized surface plasmon resonance (LSPR) in metal nanostructures under an external
electromagnetic field.
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Scheme 6. A schematic of the localized SPR in metal nanostructures.
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The theoretical foundation of localized surface plasmon resonance (LSPR) was
established by G. Mie [127] in the early 20th century. An exact solution to Maxwell’s equations
were reported to describe the interaction of light with an isotropic spherical nanoparticle
embedded in a non-absorbing, homogeneous medium. This work extensively examines how
nanoparticle size, shape, and surrounding medium dielectric properties affect optical
properties. Under the quasi-static approximation, where particle size is much smaller than the
incident light wavelength, the electric field is assumed uniform across the nanoparticle's
surface. This approximation simplifies the analysis while still capturing the essential features
of LSPR.

The molecular polarizability (o) of spherical metal nanoparticles embedded in a
medium with dielectric constant (em), assuming the quasi-static approximation holds, can be
described as,

a=WNe,(s—¢, le+2¢,) (6)

Where V= 4/37a% is the volume of the nanoparticles and a is the radius. Now the dielectric
function e = £1 + ie,, where &1 and €, real and imaginary parts constitute the dielectric function.
However, for noble metals, the imaginary part exhibits minimal dependence on the incident
wave's frequency. Consequently, the real part of the dielectric function primarily governs its
behavior. A significant resonance phenomenon occurs at the Surface Plasmon Resonance

(SPR) frequency, characterized by the condition: e1+ 2 ey = 0, where &1 denotes the real

component of the metal's dielectric function, and en, represents the dielectric constant of the
surrounding medium. At the resonant frequency of the surface plasmon, the nanoparticle's
polarizability exhibits a maximum. The extinction and scattering efficiencies of these
nanoparticles can be quantitatively described in terms of their dipolar polarizability,

2,312 _
E, - 8z a’e, im| £~ ¢n @
A £+2¢,

1287%a*e? \ ¢—¢
Escatt = 2 = = (8)
A £+2¢,

For larger particle sizes, higher-order multipoles, particularly the quadrupole term, become
crucial for accurately calculating the extinction and scattering spectra. Extending the quasi-
static approximation allows for the mathematical expression of extinction and scattering
efficiencies.
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In bulk metals, the dielectric function is influenced by two types of transitions: interband
transitions, which involve electronic transitions between states within the same band, and
intraband transitions, which occur between different bands. Interband transitions pertain to
bound electrons, while intraband transitions involve the movement of free electrons. The Drude
model [125] provides a framework for describing the dynamics of free electrons. The equation
of motion for an electron (mass 'm’) within an external electromagnetic field (frequency 'v') is
defined by the following model,
2

m%+yo%+ Kx =eE,e™ (11)
In this context, where yo represents the bulk damping constant, e denotes the electronic charge,
and K signifies the force constant (which reduces to zero for bulk metals within the free electron
model), the solution to Equation (11) assumes the following form,

—int

eEe

X= 12
miiy/oervzi (12)

If the electron volume concentration is N, then the polarizability per unit volume can be
expressed as,

2 —it
P = Nex = N_e Eqe 5 (13)
mliy,v +v

Using the Equation (13) the ¢ can be extracted from the relation P = (€intrat1) €oE and can be
expressed in simplified form,

2

Vo

Eitra =1— 14
int ra (Vz-i-ij/ol/) ( )

Where, vp is the bulk Plasmon frequency. As we have discussed earlier, € = e1+i &2, the real
and imaginary components of the dielectric function, €, can be derived from Equation (14) and
are expressed as follows,

2 2
Vp Vp]/O

g =1- , £, = 15

In terms of the expression of the real part of the dielectric function given by Equation (15) the
resonant condition e1+2em = 0 can now be modified as,

V2

1- P +2¢,=0 (16)
(VSZPR + 7/5 )

At high frequency v*>>y0? and from Equation (16) we can obtain the expression for the SPR
frequency which is given by,
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Vo
_ e 17
Vspr (1 2 )1/2 17)

The SPR frequency described by Equation (17) does not align with experimental results, as it
fails to account for the contribution of bound electrons. The presence of bound electrons
establishes a positive background charge, effectively screening the free electrons and
consequently diminishing the bulk plasma frequency, ospr. For instance, the bulk plasma
frequency of silver (Ag), as predicted by the Drude model, corresponds to an energy value of
approximately 9.2 eV. However, experimental measurements reveal a bulk plasma frequency
of 3.9 eV for silver (Ag), which deviates significantly from the Drude model's prediction. To
accurately describe the dielectric behavior of nanoparticles, the influence of bound electrons
must be incorporated. Consequently, the dielectric function can be reformulated as described
in [126].

2
14

otal = Eint er +1- (Vz +pi ]/V) (18)

Here, y, the surface damping term, is related to the bulk damping constant by,

Etotal = €inter * €intra or, &,

y = 70+VER (19)

Where, VE is the Fermi velocity at the metal surface and R is the radius. The far-field spectral
characteristics of spherical nanoparticles in an external electric field are rigorously derived
within Mie theory by analytically solving Maxwell's equations via spherical harmonic series
expansion. A spectrum of plasmonic modes, starting with fundamental dipolar modes and
extending to higher-order multipolar modes, is encompassed by this analytical solution [128].
While Mie theory provides a robust framework for analyzing the optical properties of solid,
spherical metal nanoparticles, its applicability extends beyond this specific geometry. The
theory can be adapted to encompass systems exhibiting spherical symmetry, such as core-shell
nanoparticles. It is well-established that the shape and dimensions of nanoparticles exert a
profound influence on their observed optical properties. To address the optical behavior of
anisotropic particles, such as oblate and ellipsoidal nanoparticles, Mie theory has been
extended under the purview of the dipolar approximation, resulting in the formulation of Gans
theory [128]. Gans theory has demonstrated remarkable efficacy in elucidating the observed
plasmonic scattering and absorption phenomena in nanorods, effectively treating them as a
specialized case of ellipsoidal nanoparticles. Gans theory provides detailed mathematical
expressions for the scattering and absorption cross-sections of ellipsoidal nanoparticles [129,
130].

The environment where the nanoparticles are embedded has also significant effect on
its optical properties. The real component of the dielectric function is expressed as,

VZ

=1- P 20
& m ( )
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In the visible and infrared region yo <<vp, Equation (28) is reduced to e1 = 1-vp?/v>. Now when
the resonance occurs, e1 = -2em and then v = vspr. Hence, under resonant conditions, we can
formulate,

Vo
S — 21
Vspr (1+ 26 )1/2 (21)

In terms of the wavelength, the Equation (21) has been reduced to [131],
Jep = Ap (1426, )2 = 2, (1+ 2n2 )° (22)

Where, em= nm? and nm is the refractive index of the medium. Equation (22) shows that
increasing refractive index shifts the LSPR peak to longer wavelengths. It is also evident from
the simulated curve obtained from the relation presented in Equation (22) that the variation of
the peak position with the refractive index is almost linear. This relationship serves as the
foundation for high-sensitivity detection of changes in the refractive index (R.l.) or molecular-
level variations, making it a viable platform for LSPR-based sensing. Additionally, the
intensity and peak position of the SPR band are influenced by temperature. Previous studies
have shown that as temperature increases, the SPR band broadens [132], resulting in a drop in
intensity and a red shift in the SPR peak position. Electron—phonon scattering, nanoparticle
thermal expansion, and temperature-dependent medium permittivity explain this behavior.
Considering electron scattering at the nanoparticle surface, Equation (16) can be modified as
[133],

2 1/2
Vspr = ’: - 72 (23)
(1+ 2‘C"m + g'nter)

Where, y = yo+ Ve/R. As the surface temperature of metal nanoparticles rises, the particle radius
expands, leading to a decrease in the damping factor (y). This reduction in y decreases the
overall SPR energy, leading to a broadening of the SPR band and a reduction in its intensity.
Additionally, the SPR peak experiences a slight blue shift. Studies have shown that the decrease
in SPR peak intensity and the shift in its position with increasing temperature are almost linear.
These temperature-dependent properties of nanoparticles are effectively utilized in temperature
sensing applications, both in research and industry.

7. Conclusions

Here in this review, we have presented an outline of the synthesis methods utilized to
create anisotropic nanoparticles with regulated sizes, shapes, and compositions with particular
attention to the syntheses and Plasmonic properties of Ag and Au. The effectiveness,
repeatability, and scalability of several techniques, such as chemical reduction, seed-mediated
development, and template-assisted approaches are examined. Understanding how surfactants,
reducing agents, and reaction conditions contribute to anisotropic development is emphasized.
Recent developments in green synthesis techniques also demonstrate the trend toward eco-
friendly practices. The review sheds light on how exact control over the anisotropy of
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nanoparticles improves their functional characteristics and permits their intended uses in
photonics, biomedicine, and catalysis. The results highlight how these methods could help

develop the

creation of next-generation anisotropic nanomaterials. We explored the theoretical

principles of surface plasmon resonance in metal nanostructures and discussed how the aspect
ratio of anisotropic nanoparticles affects their localized surface plasmon resonance properties.

This unders

tanding will guide the design and tuning of metal nanoparticle’s shape and size for

specific applications, ranging from sensing to lasing.
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