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1.1 Nanoscience and Nanotechnology: An Outline of Terms
and Concepts

The definition of nanotechnology remains a central concern in the scientific community, prompt-
ing questions about its precise scope and boundaries. Nanotechnology generally pertains to the
study and manipulation of materials and phenomena at the nanoscale, typically below 100 nm,
where size-dependent quantum mechanical effects become prominent [1]. While this range
captures the essence of nanotechnology and its unique properties, some experts caution against
strictly adhering to the 100 nm boundary, as certain devices and materials in the pharmaceutical
domain may be excluded [2].

An additional crucial aspect in defining nanotechnology is to consider whether the materials
involved are natural, synthetic, or manufactured [3]. Naturally occurring biomolecules in living
cells often exist at the nanoscale, which could redefine disciplines like biochemistry and molecular
biology as integral parts of nanotechnology.

The following definition of nanotechnology is provided by the U.S. National Nanotechnology
Initiative (NNI) [3]: “The understanding & control of matter at dimensions between approximately
1 & 100 nanometers, where unique phenomena enable novel nanotechnology applications.” Other
noteworthy definitions of nanotechnology encompass its broad scope and applications [2]. For
example, it can be described as “The design, characterization, production, and utilization of
structures, devices, and systems attained through deliberate manipulation of size and shape at
the nanometer scale (atomic, molecular, and macromolecular scale) that demonstrate at least
one unique or enhanced characteristic or property.” Nanotechnology can also be viewed as
“Developing objects and surfaces with unique functionalities stemming directly from nanoscale
dimensions and/or arrangement.” These unique properties may manifest in mechanical, electrical,
or photochemical attributes not observed in bulk materials.

The term “nanotechnology” originates from the ancient Greek word “v&vog” and the Latin word
“nanus,” both meaning “dwarf” or “very small.” Within the International System of Units (SI),
“nano” represents a reduction factor of 10-9 times, indicating manipulation of matter at a scale
one billionth of a meter (10-9 m) [4].

Nanotechnology represents more of an engineering approach than a standalone science, drawing
extensively from fields such as biology, physics, chemistry, and materials science [5]. Its potential
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impact on these sciences is expected to be transformative. The term “nanotechnology” was initially
coined by Eric Drexler in his publication “Engines of Creation” (1986). It refers to the manipula-
tion of individual atoms and molecules to create structures characterized by exact atomic speci-
fications [6]. It is observed that the concept of nanotechnology has its roots in physicist Richard
Feynman’s seminal lecture from 1959, titled “There’s Plenty of Room at the Bottom” [7, 8]. In
1974, Norio Taniguichi of Tokyo Science University coined the term “nanotechnology” in refer-
ence to semiconductor processes involving control on the order of nanometers, which continues
to serve as the foundational statement [9]: “Nanotechnology primarily involves the manipulation
of materials through processes such as separation, consolidation, and deformation at the level of
individual atoms or molecules.” Nanoscience encompasses the examination of phenomena and
the control of materials at atomic, molecular, and macromolecular levels, where properties exhibit
notable deviations from those observed at larger scales. Nanotechnologies, on the other hand, entail
the design, characterization, manufacturing, and utilization of structures, devices, and systems
through precise control of shape and size at the nanometer scale [10].

Nanotechnology pertains to the manipulation and study of materials and phenomena at the
nanoscale, corresponding to one-billionth of a meter or one-millionth of a millimeter [1, 4]. The
nanoscale, defined by the order of magnitude 10~ in the metric system, encompasses volumes,
weights, and units of time. To illustrate, a nanometer bears a similar relation to a meter as the
diameter of a hazelnut does to the diameter of the Earth. For instance, a water molecule spans
approximately 0.3 nm, a single gold atom’s diameter is about a third of a nanometer, a red blood
cell is roughly 7000 nm wide, and a sheet of paper is about 100,000 nm thick.

At the nanoscale, materials exhibit unique physical, chemical, and biological properties at the
nanoscale often exhibit substantial disparities from their bulk counterparts and individual atoms
or molecules [11]. These distinctive properties have captured scientific interest due to the emer-
gence of unusual phenomena and behaviors in nanomaterials. The term “nanoparticle” derives
from “nanos” (Greek for dwarf) and “particulum” (Latin for a particle) [12]. In the context of
nanotechnology, “nano” predominantly refers to particle length. Nanoparticles encompass objects
ranging from 1 to several hundred nanometers in size [12-14]. On the other hand, nanocrystals
represent crystalline clusters consisting of a few hundred to a few thousand atoms typically possess
dimensions within the nanoscale range. Their properties are influenced primarily by their surfaces
rather than their bulk volumes due to their small size. Nanoparticles can be composed of materials,
including metals, metal oxides, micelles, biomolecules, and synthetic polymers [15]. The quality
of colloidal inorganic nanocrystals depends on factors such as their crystalline nature, narrow size
distribution, unique shape, and dispersion stability. “Nanocluster” refers to small aggregates of
atoms and molecules with diameters typically in the nanoscale, ranging from a few units to several
thousand [16]. Although there is not a strict demarcation between clusters and nanoparticles,
the behavior of nanoparticles is significantly influenced by their nanometer dimensions. As such,
characterizing nanoparticles involves investigating size, shape, surface charge, and porosity to
comprehend and predict their behavior.

Nanoscience and nanotechnology are not entirely novel concepts. For instance, polymers com-
posed of nanoscale monomers have been studied by chemists for over two decades [17]. However,
recent advancements in fabrication tools have allowed direct probing and examination of atoms
and molecules with great precision, further advancing nanoscience and nanotechnology [18].
Incorporating nanomaterials into bulk materials can drastically alter their properties, resulting in
materials with enhanced strength and unique characteristics due to quantum confinement effects
and increased surface area-to-volume ratios at the nanoscale.

In summary, nanotechnology explores and manipulates materials and phenomena at the
nanoscale, where distinctive properties emerge. Nanoparticles and nanoclusters play vital roles in
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this domain, offering unique attributes with potential applications across various fields, promising
transformative advancements in science and technology.

1.1.1 Nanomaterials: Properties and Classification

Nanomaterials are materials wherein 50% or more of the constituent particles possess external
dimensions falling within the size range of 1-100 nm [19]. Determining whether a material quali-
fies as a nanomaterial can be done through specific conditions, one of which is the volume-specific
surface area (VSSA) or surface area-to-volume ratio. A VSSA greater than 60 m?/cm? serves as a reli-
able indicator of nanomaterials; however, certain nanomaterials, such as metal nanoparticles, may
have a VSSA below this threshold. Thus, the VSSA criterion confirms nanomaterial classification
but is not applicable in the reverse direction [20].

Nanoparticles boast significantly larger surface areas per unit mass compared to larger particles
[21, 22]. To illustrate the impact of particle size on surface area, let us consider an American Silver
Eagle coin weighing 31 g and possessing a total surface area of approximately 3000 mm?. If this
coin were to be subdivided into spherical nanoparticles of, for instance, 10 nm size, the total surface
area of all the resulting nanoparticles would amount to around 7000 m2. This remarkable increase
in surface area is equivalent to nearly the size of a soccer field. In essence, the total surface area of
all nanoparticles with a size of 10 nm is over two million times greater than the surface area of the
silver dollar coin.

As materials are reduced to the nanoscale, quantum effects and surface phenomena begin
to exert significant dominance over their properties [23]. When approaching the lower end of
the nanoscale, various characteristics of the material, such as optical, electrical, and magnetic
behavior, undergo alterations. These effects are particularly pronounced in materials like QDs and
quantum well lasers, which find applications in optoelectronics. For crystalline solids and other
materials, diminishing their size to the nano range results in a substantial increase in interfacial
area. This phenomenon profoundly impacts both the mechanical and electrical properties of these
solids [24]. For instance, in materials like metals, the boundaries between grains play a vital role
in slowing down or arresting the propagation of defects under stress, thereby providing strength
to the material. When the grain size is reduced to the nanoscale, the interfacial area within the
material significantly rises, leading to a remarkable enhancement in strength. This is precisely
why nanocrystalline materials exhibit much greater strength compared to their bulk counterparts.
An exemplary illustration of this phenomenon is nanocrystalline nickel, which demonstrates a
strength comparable to that of hardened steel.

Two key factors that markedly differentiate nanomaterials from conventional materials are the
enhanced relative surface area and the manifestation of quantum effects [25, 26]. These factors
have the potential to modify or enhance properties like strength, reactivity, and electrical char-
acteristics. A key characteristic that makes nanoparticles intriguing from a technical perspective
is their surface-to-volume ratio, which grows as their particle diameter decreases. Consequently,
nanoparticles consist of a few to several thousand atoms, with a considerable portion of these
atoms located on the particle surface. As the particle size diminishes, a higher proportion of atoms
occupies the surface in comparison to the interior. For instance, in a 30 nm particle, 5% of its atoms
are on the surface, whereas a 10 nm particle has 20% of approximately 30,000 atoms positioned on
its surface. This trend continues, with a 5 nm particle containing 40% of approximately 4000 atoms
on its surface, and a 1 nm diameter particle having almost all 30 atoms on the surface. The surface
atoms, distinct from those inside the material, possess unsaturated bonds, which contribute to the
heightened reactivity of the particle surface.
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Nanomaterials showcase heightened reactivity, serving as a cornerstone for their diverse range
of applications [27]. Precise manipulation of particle size enables the creation of a new generation
of exceptionally selective catalysts, capable of expediting specific chemical processes and gener-
ating targeted products from raw materials [28]. The increased reactivity of nanomaterials also
accounts for their lower melting point, facilitating the reduction of firing temperatures in ceramics
through the incorporation of nanoparticulate raw materials. Moreover, these composite materials
exhibit minimized shrinkage during the hardening process, making them highly valuable for den-
tal prosthetics. Nanoporous materials, with their expansive pore-specific surface area, find utility
in efficient substance filtration, offering an ideal platform for the deposition of filtered substances
[29]. These materials also function as potent catalytic agents and promoters of adsorption due to
their heightened reactivity [30]. Additionally, nanomaterials possess remarkable optical attributes,
such as transparency, absorption, luminescence, and scattering, opening up new possibilities for
their utilization.

Given that nanoparticles possess sizes well below the visible light wavelength range
(380-780 nm), they have a propensity to absorb light of specific wavelengths [14, 31]. Understand-
ing this light absorption by nanoparticles requires a quantum mechanics-level comprehension.
Semiconductor nanoparticles, commonly known as QDs, offer a means to tailor fluorescence
wavelength [32]. These optical properties make nanoparticles particularly intriguing candidates
for applications in optoelectronics, medical diagnostics, and cosmetics [33, 34]. Furthermore, mag-
netic materials in the nanometer range can be magnetized as permanent magnets in one direction
only [35]. As a result, magnetic nanoparticles (MNPs) contribute to increased storage capacity in
magnetic data storage devices. Additionally, the magnetic characteristics of nanomaterials display
a relatively low sensitivity to temperature fluctuations.

Nanomaterials are categorized based on the number of dimensions that fall within the nanoscale
range (<100 nm) [36, 37]. These classifications are as follows:

1. Zero-dimensional (0D) nanomaterials. These materials have all three dimensions measured
within the nanoscale, and none of the dimensions exceed 100 nm. 0D nanomaterials are com-
monly known as nanoparticles and include examples such as metal nanoparticles and QDs.

2. One-dimensional (1D) nanomaterials. This category comprises materials in which one of
the three dimensions extends beyond the nanoscale, while the other two dimensions are con-
fined within the nanorange. Examples of 1D nanomaterials include nanotubes, nanorods, and
nanowires.

3. Two-dimensional (2D) nanomaterials. In this type, two dimensions are outside the nanoscale
range, while the material is limited to the nanorange in the third dimension. Such nanomaterials
exhibit plate-like shapes, and notable examples include graphene, nanofilms, nanolayers, and
nanocoatings.

4. Three-dimensional (3D) nanomaterials. These materials are not confined to the nanoscale
in any dimension. The 3D nanomaterials category encompasses bulk powders, bundles of
nanowires and nanotubes, as well as multi nanolayers.

1.1.2 Forms of Nanoparticles

Nanoparticles can exhibit diverse chemical compositions, encompassing inorganic materials
like metals, metal oxides, and semiconductor materials, as well as organic materials such as
carbon-based compounds, including fullerenes and carbon nanotubes [27]. Engineered or syn-
thetic nanoparticles can be categorized into specific types based on their distinct chemical and
physical attributes.
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Carbon-based nanoparticles can be synthesized in various forms, such as spherical nanoparticles
like fullerenes or cylindrical nanotubes like carbon nanotubes [38]. Carbon black, an industrially
produced soot, is a precisely defined material, purposefully synthesized under controlled condi-
tions with a carbon content exceeding 96%. On the other hand, soot resulting from chimney and
diesel combustion contains organic and inorganic contaminations to varying degrees, making them
less well-defined combustion by-products of hydrocarbons or coal.

Metal nanoparticles are submicron-scale entities composed of pure metals like gold, platinum,
silver, titanium, zinc, cerium, iron, and thallium. They find extensive applications, particularly in
catalysis and the biomedical field [39].

Metal oxide-based nanoparticles are formed from metal oxides like zinc oxide (ZnO) or tita-
nium dioxide (TiO,) [40]. Certain oxide nanoparticles are widely used in consumer goods, such
as paints, cosmetics, and varnish [41, 42]. Others, such as aluminum oxide (Al,O;) and Zircon
(Zr0,) nanopowders, are employed in technical ceramics components to enhance hardness and
breaking strength [43, 44].

Semiconductor nanoparticles originate from diverse compounds [45]. Depending on the
elements they are derived from and their placement in the periodic table, they are classified
as II-VI, III-V, or IV-VI semiconductors [46]. For instance, silicon and germanium fall under
group IV, while GaN, GaP, GaAs, InP, and InAs are categorized as III-V semiconductors. II-VI
semiconductors include ZnO, ZnS, CdS, CdSe, and CdTe. These semiconductor nanocrystals, with
their distinctive optical properties, find applications in laboratory and medical diagnostics.

Composites, wherein the matrix is often composed of polymers, offer a remarkable approach to
combine the unique characteristics of nanoparticles with those of the composite matrix.

1.2 Special Effects of Nanosystems

Nanosystems, often involving structures and materials at the nanometer scale, exhibit an array of
exceptional and unique effects that transcend the boundaries of conventional science and engineer-
ing. These special effects manifest in various ways, influencing the behavior of materials, biological
systems, and devices.

1.2.1 Quantum Confinement Effect

Inorganic nanosystems refer to chemical entities composed solely of inorganic materials. They
demonstrate novel behaviors stemming from quantum size effects and the presence of significant
surface areas and interfaces at the nanoscale, leading to unique phenomena. Indeed, individ-
ual molecules showcase characteristics governed by quantum mechanical principles, whereas
the chemical and physical attributes of bulk materials adhere to quantum mechanics laws.
Nanosystems exhibit electronic, electrochemical, photochemical, magnetic, optical, mechanical,
or catalytic properties that deviate notably not only from individual molecular units but also from
macroscopic systems.

Quantum-size effects manifest in nanosized entities due to their overall dimensions being on
the same scale as the characteristic wavelength for fundamental excitations in materials [47, 48].
These excitations, which encompass the wavelengths of electrons, photons, and similar particles,
transport energy quanta within materials, thereby dictating the dynamics of their transmission
and transformation from one state to another. Yet, when the size of structures aligns with the
order of magnitude of these characteristic wave functions, the transmission and behavior of quanta
undergo significant perturbation. Consequently, quantum mechanical selection rules, typically
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Figure 1.1 Variation of bandgap energy with size of (a) metals and (b) semiconductors. (c) Illustrations of
plasmon oscillations in a spherical object, demonstrating the movement of the conduction electron charge
distribution concerning the atomic nuclei. Source: (a, b) Reproduced with permission from Sumanth Kumar
et al. [49]/Elsevier, (c) Unser et al. [50]/MDPI/CC BY 4.0.

imperceptible on a larger scale, become apparent. Take metals as an example; their conventional
“metallic” attributes, such as conductivity, diminish as their size decreases as the number of atoms
comprising the sample significantly reduces. In fact, the electronic conduction band of a metal
transitions from continuous levels in bulk infinite materials to discrete states as size diminishes,
leading to a rise in bandgap energy (Figure 1.1a).

Likewise, QDs possess electronic characteristics that fall between those of bulk semiconductors
and isolated molecules [31]. Their optoelectronic attributes are influenced by their dimensions and
shapes, and these attributes change depending on these factors. For instance, when QDs are stim-
ulated by a photon with energy represented as hv (where v signifies the frequency of the incoming
photon), larger QDs, typically around 5-6 nm in size, emit light in the orange or red wavelength
range [49]. Smaller QDs emit shorter wavelengths, falling within the blue or green spectrum. Con-
sequently, one can intentionally adjust these features by modifying the size and shape of the QDs to
attain the desired results. Figure 1.1b provides a visual representation of how the bandgap of QDs
changes with varying sizes. These QDs can be produced from single-element materials like silicon
or germanium, or from compound semiconductors such as CdSe, PbSe, CdTe, and PbS [51-56].
Sometimes, QDs are referred to as “artificial atoms” since they exhibit discrete electronic states,
akin to what is observed in atoms and molecules.
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1.2.2 Concept of Surface Plasmon Resonance (SPR)

“How light interacts with matter” has been a subject of inquiry, notably pursued by Michael Fara-
day in his investigation of metal colloids. Faraday’s pioneering work revealed that even when metal
particles are substantially smaller than the wavelength of light, they exhibit substantial light scat-
tering and absorption, resulting in vivid colors, even in dilute solutions [57, 58]. Notably, Faraday’s
exploration led to the understanding that the collective oscillation of conduction electrons within
metal particles is accountable for the scattering and absorption of light at specific frequencies, giv-
ing rise to distinct colors, particularly in the cases of silver and gold. This occurrence, now known
as SPR, derives its name from the polarization of surface charges generated by collective electron
oscillations (surface) and the analogy to electron oscillations in gaseous plasma (plasmon) [59].

Localized surface plasmons (LSPs) refer to charge density oscillations constrained within metal-
lic nanoparticles, often referred to as metal clusters, and metallic nanostructures (Figure 1.1c)
[59]. The excitation of LSPs by an incident electric field, at wavelengths corresponding to reso-
nance, results in robust light scattering, the emergence of intense surface plasmon (SP) absorption
bands, and an augmentation of local electromagnetic fields. The frequency (absorption maxima
or color) and intensity of these SP absorption bands are intrinsic to the material type, typically
gold, silver, or platinum, and are remarkably sensitive to factors like size, size distribution, shape of
nanostructures, and the surrounding environment [50]. These specific characteristics have spurred
considerable interest in LSPs, leading to the development of a wide array of LSP-based sensors and
devices.

The striking red color observed in aqueous colloidal gold dispersions is a direct manifestation
of localized SPR. Throughout history, colloidal gold has intrigued many, having been used to pro-
vide color in medieval cathedral windows and believed, until the eighteenth century, to possess
life-prolonging and rejuvenating properties when ingested as aurum potabilis [60, 61]. In contem-
porary times, colloidal gold has witnessed exponential growth in its utilization as a biological label,
marker, and stain in various microscopic applications [62]. More recently, metallic nanoparticles
and nanostructures have found successful use as molecular recognition elements and amplifiers
in sensors and biosensors, as well as integral components in nanoscale optical devices [63-65].
Notably, surface plasmons are distributed unevenly around nonspherical metallic nanoparticles
and nanostructures, resulting in shape-dependent LSPR absorption spectra [66]. For instance, in
metallic nanorods, the plasmon resonance splits into low and high-energy absorption bands, with
the high-energy band corresponding to electron oscillations perpendicular to the major axis and the
low-energy band arising from electron oscillations along the major axis. This separation becomes
more pronounced with increasing aspect ratio of the nanorods [67-69]. Triangular particles exhibit
multiple plasmon resonances, including a longitudinal (bulk) plasmon mode and a highly localized
enhancement at their sharp tips [70, 71].

Mie theory has been extended to cylindrical and needle-like nanoparticles, and optical properties,
including absorption, extinction, and scattering efficiencies, have been calculated using discrete
dipole approximations for metallic nanoparticles with arbitrary shapes [72-74]. The analysis of
scattering spectra from differently shaped individual nanoparticles (e.g., spherical, rod-like, trian-
gular, pentagonal, and tetrahedral) of silver, gold, and nickel through total internal reflection spec-
troscopy has obviated the necessity for producing highly monodisperse nanoparticle populations in
specific shapes and provided valuable insights into the correlations between shape, environment,
and spectra.

It is worth noting that Mie theory is only applicable to noninteracting nanoparticles that are
well separated in their solid state or present at low concentrations in dispersions. For interacting

7



8

1 Nanomaterials

particles, the plasmon resonance red-shifts, followed by the emergence of a lower-energy absorp-
tion band, similar to the longitudinal absorption band observed in nanorods. Two main types of
interactions occur between arrayed metallic nanoparticles: near-field coupling, which involves par-
ticles in close proximity, and far-field dipolar interactions [75]. Dipolar interactions are electrody-
namic in nature, with dipole fields from a plasmon oscillation in one particle inducing surface
plasmon oscillation in adjacent particles [76].

1.3 Aspects of Synthesis of Nanomaterials

Atoms and molecules serve as the fundamental constituents of all matter, shaping its properties
and interactions. Understanding how these basic units assemble is crucial for comprehending
material behavior. Precise control over synthetic pathways becomes imperative in crafting
nanoscale building blocks of varied sizes and shapes, which in turn can facilitate the develop-
ment of advanced devices and technologies with enhanced capabilities. To achieve this, two
complementary approaches are pursued: a top-down strategy focusing on miniaturizing existing
components and materials, and a bottom-up approach involving the construction of increasingly
intricate molecular structures at the atomic or molecular level [77]. These divergent methods
underscore the organizational complexity of nanosystems, situated at the intersection between
molecular entities and bulk materials (Figure 1.2). Richard Feynman famously advocated for
the top-down approach in his seminal 1959 lecture, emphasizing the ample opportunities for
exploration at the nanoscale [79]. This method excels in achieving structures with long-range
order and bridging connections with the macroscopic world. Conversely, Jean-Marie Lehn cham-
pioned the bottom-up approach, recognizing the vast potential at the nanoscale and the ability to
establish short-range order through assembly [80]. Integrating these two techniques promises to
offer the most comprehensive toolkit for nanofabrication, theoretically enabling a wide array of
possibilities.

1.3.1 Top-Down Approach

The top-down approach utilizes techniques such as machining, templating, or lithography to
achieve miniaturization. Typically, this method starts with patterns created at larger scales, often
in the microscale, which are then scaled down to the nanoscale [81]. An important advantage of
this strategy is that components are both patterned and constructed in situ, obviating the need for
additional assembly steps.

Various nanostructures can be crafted through methods like electronic, ionic, or X-ray lithog-
raphy [27, 82]. Initially, a quantum well, characterized by two finite dimensions, is fashioned,
followed by the creation of a quantum wire with one finite dimension. Ultimately, a quantum dot,
a zero-dimensional structure with all dimensions in the nanoscale, is produced. While current
short-wavelength optical lithography techniques can achieve dimensions of at least 100 nm, which
traditionally mark the nanoscale threshold, efforts are ongoing to develop extreme ultraviolet and
X-ray sources to extend lithographic printing capabilities to dimensions ranging from 10-100 nm.
However, challenges persist, particularly related to beam focalization. Furthermore, scanning
beam techniques like electron-beam lithography can generate patterns down to approximately
20 nm, with even smaller features attainable using scanning probes for depositing or removing
thin layers.

Mechanical printing techniques usually start with the creation of a high-resolution master
“stamp” using lithographic methods, as previously described [83]. This stamp, or its copies, is then
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Figure 1.2 Various methods used for the synthesis of nanoparticles. Source: Bloch et al. [78]/Frontiers
Media S.A./CC BY 4.0.

used to transfer the pattern onto a surface. Finally, the thin layer of masking material under the
stamped regions is removed. These nanoscale printing methods provide several benefits, including
the capability to work with various materials on curved surfaces.

These techniques are generally expensive and involve complex manufacturing processes.
Despite their success at the microscale, top-down methods encounter difficulties when working
at nanoscale dimensions. Moreover, they often yield two-dimensional structures, limiting the pro-
duction of arbitrary three-dimensional objects due to their reliance on layer-by-layer patterning.
Notably, the progress of top-down methodology has been mainly propelled by disciplines like
materials engineering and physics, with limited input from inorganic chemists in leveraging these
approaches.

1.3.2 Bottom-Up Approach

Bottom-up techniques in nanofabrication involve the step-by-step accumulation of atoms or clus-
ters, utilizing either chemical or physical forces at the nanoscale to guide the assembly of basic
units into more extensive structures [77]. Typically, this method entails the chemical synthesis of
nanoscale materials within colloidal or supramolecular setups, often undergoing phase changes
like sonochemical surface deposition or solid-phase precipitation from solutions. These strate-
gies draw inspiration from biological systems, where chemical interactions drive the formation
of diverse vital structures. Researchers seek to emulate nature’s ability to produce precise atom
clusters, enabling their spontaneous arrangement into sophisticated configurations. Obtaining the
desired shape and size requires meticulous control over the material’s nucleation and growth. This
synthesis method is particularly captivating for chemists. Bottom-up approaches, which initiate
from individual atoms and molecules, resonate deeply with the principles of chemistry and molec-
ular biology. Given that a significant portion of chemistry already revolves around manipulating
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nanoscale entities or coordinating the self-assembly of molecules into more extensive structures,
this methodology offers a natural progression for exploration and innovation. Bottom-up tech-
niques present numerous advantages. They offer a wide range of preparation methods, facilitating
meticulous control over scale dimensions, including at the atomic or molecular level. Moreover,
they typically incur lower costs compared to top-down approaches [13, 14, 84-86]. Nonetheless,
despite these benefits, realizing preprogrammed self-assembly of arbitrarily large systems with
complexities similar to those observed in natural systems remains a formidable hurdle.

Preparation of nanomaterials can be classified into physical and chemical methods. The physical
methods are based on subdivision of bulk metals, including pulverization or mechanical crushing
of bulk metal, arc discharge between metal electrodes, etc. Metal nanoparticles thus produced are
usually large in size and have a wide size distribution [46]. Several physical methods have been
reported for the synthesis of nanosized particles. These include vapor condensation methods, spray
pyrolysis, mechanical deformation, thermochemical decomposition of metal-organic precursors
in flame reactor, and other aerosol processes named after the energy sources applied to provide the
high temperature during gas-particle conversion [47, 48]. The chemical methods are grounded on
the concept of reduction of metal ions or decomposition of precursors to form atoms, followed by
aggregation of the atoms. Nanoparticles prepared by chemical methods usually have a narrow size
distribution [46]. Increasing interest in chemical synthesis of nanoparticles is clearly indicated
by the number of reports and reviews on this subject [49, 51-55]. However, it is notable that
some methods can be considered as either chemical or physical routes depending on the media,
precursors, and operating conditions such as milling.

The formation of metal nanoparticles by chemical methods can be carried out by reduction of
metal ions with chemical reductants or decomposition of metal precursors with extra energy. The
chemical reductants involve molecular hydrogen, alcohol, hydrazine (HA), NaBH,, LiAlH,, citrate,
etc. Energy provided from the outside involves photoenergy (ultraviolet and visible light), y-ray,
electricity, thermal energy (heat), nonchemical energy, etc. In order to produce metal nanoparticles
with a narrow size distribution, agents stabilizing colloidal dispersion of metal nanoparticles are of
vital importance [46]. Various methods of the nanoparticle’s synthesis can be classified based on the
process media, including vapor, liquid, and solid-state processing routes, and combined method,
such as vapor-solid-liquid approach [53].

Many of the properties associated with nanoparticles are directly related to the relatively higher
energetic state of atoms and molecules at a surface when compared with those in the bulk. In many
cases, the production of nanoparticles involves techniques to hinder the natural course of thermo-
dynamics through the manipulation of kinetics. In other cases, it is possible to hinder the natural
growth of phases through the use of dilution or via protection of surfaces using surface-active agents
or by coating and encapsulation of nanoparticles in a glassy media such as those used for instance
in the case of polymers [56].

1.4 Synthesis and Characterization of Gold Nanoparticles

The synthesis and characterization of Au NPs stand as an intriguing and essential domain within
the realm of nanotechnology and materials science. Gold nanoparticles, celebrated for their dis-
tinct size-dependent properties, have been widely applied across diverse fields such as electronics,
medicine, catalysis, and environmental science. This research endeavor involves the controlled cre-
ation of gold nanoparticles, often on a nanometer scale, and the subsequent detailed examination of
their physical, chemical, and optical properties. Understanding how to synthesize these nanopar-
ticles and precisely characterize their attributes is fundamental to harnessing their potential in
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various technological advancements and innovations. In this paper, we delve into the intricacies
of synthesizing and characterizing gold nanoparticles, shedding light on their diverse applications
and the remarkable insights they offer into the nanoscale world of materials. Numerous method-
ologies have been employed for the fabrication of gold nanoparticles, encompassing techniques
such as chemical, electrochemical, thermal, and sonochemical pathways. Synthesis of Au NPs by
employing these methods is discussed below.

1.4.1 Chemical Methods of Synthesis

Synthesis of Au NPs by chemical reduction technique involves two steps. The primary step involves
reducing the gold salt through the utilization of reducing agents like borohydrides, HA, amino
boranes, hydroxyl amine, formaldehyde, and hydrogen peroxide and organic reducing molecules
such as citric acid, oxalic acid, polyols, sugars, and acetylene. Electron-rich molecules such as
metal sandwich complexes have also been used for the reduction of gold salts to produce Au
NPs. The second step involves the stabilization of the synthesized Au NPs by various stabilizers
such as trisodium citrate, sulfur-containing ligands such as thiolates, oxygen-based ligands,
phosphorus-based ligands, nitrogen-based ligands including heterocyclic compounds, polymers,
surfactants, dendrimers, etc. One of the well-known techniques for fabricating Au NPs was
designed by Turkevisch in 1951 [57]. Turkevisch method involves the conventional chemical
route by reducing gold salt (HAuCl,) in aqueous sodium citrate solution. It involves adding
sodium citrate to the boiling HAuCl, solution under vigorous stirring. Wine red Au NP solution
is produced within few minutes of stirring with Au NP size of around 20 nm. Polte et al. [87]
studied the mechanistic details of the Au NP formation using classical Turkevisch method. The
study analyzed various aspects of Au NP formation, including their size, shape, and growth mech-
anisms, employing techniques such as SEM, HRTEM, UV-vis spectra, XANES, and SAXS. The
findings and their interpretation are as follows. The nanoparticles produced in the study closely
matched values reported in the literature for similar syntheses. The particles were predominantly
spherical and nearly uniform in size, with a polydispersity of around 12% and a mean radius
of 7.6nm. The UV-vis spectra showed an absorbance maximum in the range of 520-550 nm,
which is typical for the plasmon resonance of gold nanoparticles. During the synthesis, the peak
maximum shifted slightly from about 540nm to approximately 523 nm, indicating changes in
particle size. The curve depicting the intensity at each peak position versus time demonstrated
the typical time-dependent behavior, with a slow initial intensity increase followed by more rapid
growth. However, the growth mechanism based on UV data remained controversial. Evolution
of XANES spectra revealed an initially slow reduction process, followed by a significant decrease
in Au(III) content after approximately 50 minutes, coinciding with the rapid escalation in the
intensity of the Au NPs plasmon resonance detected via UV-Vis studies. The data suggested that
a considerable portion of Au(III) species was being converted into metallic Au(0). SAXS analysis
provided information on particle growth during the synthesis. The data indicated different phases
of GNP formation. Initially, there was rapid nucleation, resulting in small particles with a mean
radius of 2nm and high polydispersity. Subsequently, particles grew by coalescence, followed
by further growth through a diffusion-limited process. The final phase showed a rapid growth
in particle size, accompanied by the near-complete consumption of Au(III) species. The study
varied reaction temperature and the concentration of the gold precursor. Higher temperatures
and increased precursor concentrations led to significantly faster Au NP formation, suggesting
that the reduction of Au(IIl) is an activated chemical process with a reaction order greater than
one. The experiments proposed a sequential process of Au NP formation that did not fully align
with previously proposed mechanisms. It revealed rapid nucleation, followed by coalescence and
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further precursor reduction contributing to particle growth. These findings challenged the classical
theory of self-nucleation and highlighted the importance of coalescence processes in obtaining
monodisperse GNPs. Varying the concentration of sodium borohydride produced the Au NPs of
various morphologies such as nanospheres, nanowires, nanorods, and nanotriangles [88]. Frens
in 1973 modified the Turkevisch method to produce Au NPs in size from 15 to 150 nm by changing
the ratio of reducing agent and gold salt [89]. Several research teams have modified the Turkevich
and Frens method to synthesize citrate-stabilized Au NPs with diverse sizes and diameters. For
example, it was demonstrated by Kimling et al. that smaller-sized Au NPs are produced at higher
concentration of citrate whereas lower concentration of citrate produced large-sized Au NPs
by aggregation of small Au NPs [90]. Kumar et al. [91] investigated the mechanism behind the
Turkevich-Frens method, illustrating the formation process of dicarboxy acetone (DCA) through
the citrate oxidation, followed by the reduction of gold salt to Au atoms, which then assemble to
form gold nanoparticles (Au NPs). The dicarboxyl acetone produced serves as a stabilizing agent,
distinct from the role of citrate itself. Turkevisch method was further modified by various research
groups to study the effect of varying the pH [92-95], reaction temperature, citrate concentration
[96], and gold salt concentration [97] on Au NP shape, size distribution, and other characteristic
properties. Utilizing ascorbic acid as a reducing agent in chemical reduction and an aqueous
surfactant, cetyltrimethylammonium bromide (CTAB) as a shape director also resulted in the
production of anisotropic Au NPs. The size and characteristics of gold nanoparticles (Au NPs)
were found to be significantly affected by the alteration in the sequence of reagent addition. In
a study by Jiménez et al. [98] the order of reagent addition was modified keeping factors such
as the SC : Au ratio (13.6), temperature (100 °C), final volume (150 mL), and total reaction time
(5minutes) constant. The two methods were employed: (i) direct synthesis (SC was added to a
hot HAuCl, solution) and (ii) inverse synthesis (HAuCl, solution was added to a boiling sodium
citrate solution). A blue shift in the SPR peak, from 527.5 nm (direct synthesis) to 518 nm (inverse
synthesis), indicating smaller Au NPs in the inverse method, was revealed by UV-vis spectra
(Figure 1.3A). This shift was corroborated by TEM analysis (Figure 1.3B), which demonstrated a
decrease in mean particle size and an improved size distribution, from 36.6 + 6.8 nm (SD ~ 18%)
for direct synthesis to 9.0 £ 1.2 nm (SD ~ 13%) for inverse synthesis. The same trend was observed
for a lower SC : HAuCl, ratio (6.8), where a blue shift in the SPR peak from 522 nm (direct) to
519nm (inverse) was observed, accompanied by a decrease in the absorbance maximum. Once
again, TEM analysis confirmed a reduction in Au NP size and polydispersity, from 17.8 + 2.5nm
(SD ~14%) for direct synthesis to 14.9 +1.5nm (SD ~ 10%) for inverse synthesis. The addition of
DCA to the reducing mixture had a notable impact on Au NP size and reaction rate. With a fixed
SC : HAuCl, ratio (13.6), changing the SC : DCA ratios in the reducing mixture influenced reaction
kinetics. A decrease in SPR peak from 523 to 519 nm was observed when increasing DCA content
from 100 : 0 to 90 : 10 (SC : DCA), but it returned to 523 nm at a 50 : 50 ratio (Figure 1.3C). TEM
analysis confirmed a correlation between SC : DCA ratio, final Au NP size, and monodispersity
(Figure 1.3C). When using a 0 : 100 SC : DCA ratio, no particle formation was observed, likely
due to the solution’s pH of 3.7. This suggests that heating SC before adding Au** could induce
SC oxidation. The role of pH in Au NP synthesis was also explored. A decrease in pH from 6.2
to 5.9 was observed when reducing SC content in the reducing mixture from a 100 : 0 to 90 : 10
SC : DCA ratio. However, the influence of SC : DCA ratio on reaction kinetics, SPR peak, and
final Au NP size was more significant than pH changes. Adjusting the pH value from 5.1 to 6.2
resulted in a blue shift in the SPR peak and smaller Au NPs. The presence of DCA in the reaction
mixture induced a decrease in NP size and an improvement in monodispersity, which was not
attributed to pH changes. In conclusion, both the order of reagent addition and the addition of
DCA influenced the size, shape, and reaction kinetics of Au NPs, indicating the complex interplay
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Figure 1.3 (A) Illustration of a comparison between the (a) direct and inverse sequences of reagent
addition and the characterization of gold nanoparticles (Au NPs) through optical analysis (UV-vis
spectroscopy). The synthesis was carried out at 100 °C for five minutes, with two sets of conditions:

(b) 0.165 mM HAuCl, and an SC: HAuCl, ratio of 13.6 and (c) following the Turkevich conditions with

0.25 mM HAuCl, and an SC: HAuCl, ratio of 6.8. (B) The morphology of the synthesized gold nanoparticles
(Au NPs) examined using transmission electron microscopy (TEM) at a temperature of 100 °C for five
minutes. This characterization was performed under two different sets of conditions: (a and b) with

0.165 mM HAuCl, and an SC: HAuCl, ratio of 13.6, and (c and d) following the Turkevich conditions, which
involved 0.25 mM HAuCl, and an SC: HAuCl, ratio of 6.8. The TEM images for both the direct and reverse
sequences of reagent addition are presented. Additionally, the size distribution of the Au NPs is illustrated
in the inset graphs within the TEM images. (C) Analysis of the gold nanoparticles (Au NPs) involved both
optical assessment through UV-vis spectroscopy and morphological examination using transmission
electron microscopy (TEM). These Au NPs were synthesized under conditions that included 0.165 mM of
HAuCl, and an SC: HAuCl, ratio of 13.6, with the reaction temperature set at 100 °C. The study examined
different ratios of the reducing mixture SC: DCA, specifically 100 : 0 (a and d), 90 : 10 (b and e), and 50 : 50
(c and f). The TEM images feature inset graphs that provide measurements of the size distribution of the Au
NPs. Source: Reproduced with permission from Ojea-Jimenez et al. [98]/American Chemical Society.
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Figure 1.3 (Continued)

of these factors in the synthesis process. Due to the mild reducing ability of sodium citrate, Au NPs
produced by Turkevisch method resulted in the production of Au NPs of bigger sizes, with diam-
eters greater than 10 nm. The reducing ability of citrate ions was found to vary by changing the
reaction medium, hence size of Au NPs can be tailored by changing the solvent polarity. In another
study, Ojea-Jiménez et al. [99] reported that using D, O as a solvent instead of water enhanced the
reducing ability of citrate ions which resulted in the production of smaller-sized Au NPs of diameter
of 5nm. The synthesis of Au NPs was conducted at 100 °C under the same reaction conditions, but
with varying amounts of D, O in the solvent (% D,0 =0, 50, and 100%). The growth of the particles
was tracked through UV-Vis studies of the solutions, and the results discovered a blue-shift in the
SPR band, shifting from 519 to 512.5 nm as % D, O increased. This shift in the SPR band corresponds
to changes in particle size, supported by a reduction in the hydrodynamic diameter from 15.4 to
9.7nm and a decrease in negative surface charge from —43.0 to —33.9 mV. Transmission electron
microscopy (TEM) and image analysis further confirmed that higher % D, 0 led to a reduction in
particle diameter. Using pure D,0 as the solvent resulted in the production of smaller Au NPs,
measuring 5.3 +1.1 nm, in comparison to those produced in pure H,O, which had a diameter of
9.0 +1.2nm. It is noteworthy that this method could generate a small fraction of even smaller Au
NPs, down to 2-3 nm, which could be isolated using standard separation techniques (detailed in the
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Supporting Information), potentially yielding higher Au NP yields. Temperature and the presence
of D,0 in the reaction were found to influence Au NP size. At lower temperatures (90 °C), reac-
tions in D,O proceeded more slowly, resulting in larger Au NPs compared to syntheses in H,O at
90°C or D,0 at 100 °C. This is consistent with observations that reducing the reaction tempera-
tures resulted in the production of larger NPs. The study postulates a reaction mechanism for the
reduction of Au(III) by sodium citrate, based on experimental evidence and existing literature. The
mechanism involves two steps: a rapid ligand exchange with citrate to form an intermediate com-
plex, followed by a slow rate-determining step involving a concerted decarboxylation and reduction
of Au(III) species. The involvement of deuterium in D, O affects the rate of this reaction, enhancing
the reducing strength of the citrate molecule and influencing the fabrication of Au NPs. In conclu-
sion, this research demonstrates that particle size can be regulated by altering the solvent system
and provides insights into the intricate mechanism affected by the presence of deuterium in the
solvent. It emphasizes the sensitivity of water-based systems, where hydrogen bonding interac-
tions play a dominant role in all reaction steps. The citrate/aqueous synthesis method for Au NPs
is widely used in the field of nanotechnology.

Another novel approach discovered by Brust and Schiffrin used tetraethylammonium bromide
(TOAB) as a phase transfer agent to transfer AuCl*~ from aqueous phase to the organic phase to
synthesize thermally stable Au NPs employing NaBH, as a reductant in presence of dodecanthiol
[100]. The reduction of the gold salt caused a transition in the color of the organic phase, shifting
from orange to a rich brown hue, signifying the formation of both cuboctahedral and icosahedral
gold nanoparticles (Au NPs). This approach demonstrated an easy and straightforward method
for producing thiolate-stabilized gold nanoparticles (Au NPs) with good air stability and repeated
dissolution and isolation without agglomeration. Further, this method produced small-sized
(<5nm) Au NPs with narrow size distribution and easy substitution and functionalization by
different ligands. It was further shown that larger molar ratios of dodecane-thiol/AuCl*~ produced
smaller-sized Au NPs [101]. Further fast addition of NaBH, to cooled solutions produced smaller
and mono-dispersed Au NPs. The reaction between thiol and Au NPs led to the oxidative addition
of the S—H bond onto two Au atoms on the surface of the Au NP, leading to the creation of an
S—Au bond and the elimination of an H, molecule through reductive elimination. Li et al. [102]
employed Raman spectroscopy to demonstrate the formation of S—Au bonds on the surface of
Au NPs, revealing that these bonds formed only after the addition of NaBH,, thus elucidating the
mechanism of Au NP formation. The study presented detailed spectroscopic investigations into the
two-phase synthesis of metal nanoparticles (NPs), with a focus on the addition of thiol or ligands
and NaBH, in the process. Raman spectroscopy revealed that no Au—S bonds were formed before
the addition of NaBH,, confirming that the metal precursor was not the commonly believed
[M(I)SR]n-like polymer but rather the [TOA][MX,] complex. 1H NMR spectra suggested the
formation of inverse micelle structures involving TOAB (TOA), encapsulating water, and encapsu-
lated metal ions. The proposed NP formation mechanism highlighted the role of inverse micelles,
where Au NPs formed within micelles after NaBH, addition, and ligands later diffused through the
TOA shell to form Au—S bonds at the interface. A reversed synthetic route successfully produced
stable, ligand-protected ultrasmall Au NPs with better size control, and increasing stirring time
led to larger NP formation. Additionally, the use of disulfide and organo-chalcogen ligands in
the synthesis demonstrated the same principles, with the reversed route producing smaller, more
monodisperse Au NPs. This study provides invaluable insights into the two-phase synthesis of
metal nanoparticles, with implications for control and optimization in NP size and distribution.

Burst-Schiffrin method was further improved in 1995 by using methanol solution as a medium
for Au NP synthesis in absence of phase transfer agent TAOB [103]. Since both gold salt and
p-mercaptophenol are soluble in methanol, hence it acted as an excellent solvent for a single-phase
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synthesis. This modified procedure proved to be advantageous since it avoided the incorporation
of TAOB impurities in the synthesized Au NPs. Later all such solvents have been exploited for
single-phase synthesis of Au NPs in which both HAuCl, and thiols are soluble such as methanol,
ethanol, and water. Thus, a number of publications emerged on the single-phase synthesis of
thiol-stabilized Au NPs [101, 104]. Brust et al. synthesized water soluble and biocompatible Au
NPs stabilized with (1-mercaptoundec-11-yl) tetraethylene glycol of size less than 10 nm with
hydrophilic tetra ethylene glycol (TEG) shell and hydrophobic alkanethiol core [105]. A variety
of thiolate ligands such as alkane thiolates, arene thiolates, and other functionalized thiolates
have been used for the synthesized of functionalized Au NPs [106-110]. Au NPs have also been
synthesized by changing both gold salt precursors and reducing agents. Moores et al. documented
the synthesis of phosphine-stabilized Au NPs using [AuCl(SMe,)] complex in place of HAuCl,
and sodium naphthalene (C,,HgNa) as a reductant [111]. The formation of Au NPs was confirmed
through UV-Visible spectroscopy which revealed the emergence of SPR band around 580 nm. The
presence of phosphine on the Au NP surface was confirmed by FTIR and TGA analysis. IR spectra
gave the peaks corresponding to in plane and out-of-plane bending vibrations of aromatic C—H
bonds (700 and 750 cm~!), P—C bond vibrations (760 cm~!) and characteristic aromatic C-L-C
vibrations (1450 cm™!). TGA showed the weight loss which revealed the presence of phosphine
on surface of Au NPs. Both the techniques revealed the existence of phosphine ligands on Au NP
surfaces even after several washings which indicated a strong coordination the phosphine ligands
and Au NPs. TEM images showed the small average particle size of Au NPs of 5.7nm + 1.3 and
12.7nm + 3.7 nm. A single-step synthesis of phosphine-stabilized Au NPs has also been achieved
by reducing Et;PAuCl with 9-BBN employed as a reducing agent [112]. The coordination between
the phosphine ligand and Au NPs was studied by NMR spectroscopic technique. The particle
size was determined to be 1.4+ 0.2nm and 1.2 + 0.2 nm for reaction carried out at 40 and 50 °C,
respectively. Further the results illustrated that the core size of Au NPs decrease with increase in
reaction temperature. Other examples of synthesis of Au NPs by phosphine derivatives include
triphenyl phosphine [113], 1,1-binaphthyl-2,2-dithiol [114], calixarene phosphine [115, 116], and
tetrakis-(hydroxymethyl)phosphonium chloride (THPC) [117] for applications such as proactive
etching agents, optics, catalysis, bimetallic nano shell formation, respectively.

A variety of alkyl thiolate-functionalized gold nanoparticles have been synthesized using a mod-
ified single-phase method, where 9-borabicyclo[3.3.1]nonane (9-BBN) served as a mild reducing
agent [118]. Nitrogen and oxygen ligands containing electronegative groups such as amine, car-
boxyl, phenolic, and carbonyl groups have also been used for stabilization of Au NPs [119-123].
Amines have been predominantly used for this purpose. For example, octadecyl amine-stabilized
Au NPs have been synthesized by Crook et al. [120]. Ligands like 4-(N,N-dimethylamino) pyri-
dine (DMAP) have been frequently used for stabilizing Au NPs for ligand substitution reactions
and in heterogenous catalysis [124, 125]. DMAP-stabilized Au NPs are synthesized via a phase
transfer process by adding aqueous DMAP solution to TOAB-stabilized Au NPs [126-129]. Among
oxygen-containing ligands, phenolic and carboxyl derivatives are frequently employed stabilizers
which include folic acid [130], N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES)
[131], and N-vinylpyrrolidone [132].

Au NPs have been functionalized by either direct Au NP synthesis or by ligand substitution
reactions such as halide nucleophilic substitution [133], coupling reactions such as amidic
coupling by employing amino termini [134], polymerization [135], nucleophilic addition reactions
[136], and click functionalization. The weakness of Au-citrate bond enables it to be substituted
or functionalized with stronger ligands such as thiolates. Such thiolate functionalized Au NPs
have been synthesized by Mulvaney and Giersig from citrate-stabilized Au NPs by substituting
citrate ligands with thiol ligands [137]. This strategy was later used by Mirkin et al. to synthesize
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thiolate DNA functionalized Au NPs [138]. Functionalization of citrate-stabilized Au NPs with
thiolated PEG was also carried out for use in in vivo computer tomography as a contrast agent
[139]. Nitrile and amine-terminated dendrimer functionalized Au NPs have been synthesized by
reaction between poly(propyleneimine) dendrionic thiols and citrate-stabilized Au NPs (19.5nm)
for drug delivery application [140]. Alkylthiolate ligands on Au NP surface have also been sub-
stituted by functionalized alkyl thiolate ligands by ligand substitution reaction by employing the
corresponding functional thiols [141]. There are various reports where some other labile ligands
on the Au NP surface have been substituted by thiol ligands [142-144]. However, ligand exchange
reaction suffers some major drawbacks such as chances of incomplete ligand substitution and
irreversible aggregation of the Au NPs. There is also a chance of incompatibility between new
ligand and the initial medium in which Au NPs are already dispersed [145].

In summary, this section outlines several methods for synthesizing gold nanoparticles (Au
NPs) using chemical reduction techniques. The synthesis process typically comprises two key
steps: the reduction of gold salt and the stabilization of the resulting Au NPs. Various reducing
agents, including borohydrides, HA, amino boranes, and organic molecules like citric acid, are
utilized in the reduction step. The subsequent stabilization of Au NPs involves employing a diverse
array of stabilizers such as trisodium citrate, sulfur-containing ligands, oxygen-based ligands,
phosphorus-based ligands, nitrogen-based ligands, polymers, surfactants, and dendrimers. The
Turkevich method, established in 1951, stands as a prominent technique for Au NP synthesis,
involving the reduction of gold salt in an aqueous sodium citrate solution to yield wine-red Au NP
solutions. Various modifications of this method by different research groups have been investigated
to explore the impacts of factors like pH, reaction temperature, citrate concentration, and gold salt
concentration on the size, shape, and distribution of Au NPs.

The section further explores the utilization of ascorbic acid as a reducing agent and CTAB as
a shape-directing agent for the synthesis of anisotropic Au NPs. It highlights how the order of
reagent addition and the introduction of DCA can impact the size, shape, and reaction kinetics
of Au NPs. Another method, pioneered by Brust and Schiffrin, employs TOAB as a phase transfer
agent to transfer AuCl*~ ions from the aqueous phase to the organic phase, resulting in the produc-
tion of thermally stable Au NPs. This Brust-Schiffrin approach has since been enhanced by using
methanol as a medium for Au NP synthesis without the need for a phase transfer agent. Various
ligands, such as alkyl thiolates, nitrogen and oxygen ligands, and phosphine derivatives, have been
employed to stabilize and functionalize Au NPs. Ligand substitution reactions, including halide
nucleophilic substitution, coupling reactions, polymerization, nucleophilic addition reactions, and
click functionalization, have been utilized to functionalize Au NPs. The section underscores the
importance of ligand exchange reactions while recognizing their limitations, such as incomplete
ligand substitution and the potential for irreversible aggregation of Au NPs.

1.4.2 Electrochemical Method

The electrochemical method for the fabrication of transition metal NPs was first used by Reetz et al.
[146, 147] employing tetra alkyl ammonium salts as stabilizer metal nanoclusters in nonaqueous
medium. Electrochemical synthesis of Au NPs has been achieved using various quantities of sur-
factant, tetradodecylammonium bromide TTAB as stabilizer [148]. The particle size of the Au NPs
varied with the amount of the TTAB surfactant, temperature, and current density used. The particle
diameter decreased from 58.3 + 12.6 to 10.6 + 6.5 nm with increase in amount of the TTAB from 1
to 90 mg (Figure 1.4A). Thus, the particle size was found to be inversely proportional to the amount
of the surfactant used. The Au particle diameter was found to vary directly with the current density.
The particle diameter increased from 53.7 +17.2 to 12.2 + 7.3 nm with an increase in the current
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density from 1 to 3mA/cm? (Figure 1.4B). The cathode was found to be strongly gold colored at
the current density of 3 mA/cm?. This decrease in particle size was also confirmed by blue shift in
the SPR peak from 538 to 523 nm as the particle size decreased. Effect of varying growth tempera-
ture on the Au particle size was also studied for a constant current density and surfactant amount
(30mg, 2 mA/cm?). Higher temperature resulted in heavy gold plating of the electrode. The particle
size of Au NPs increased from 8.3 + 2.2 to 53.8 + 18.3 nm as the temperature raised from 25 to 60 °C
(Figure 1.4C). Further UV-Visible spectroscopy revealed a red-shifting of the SPR peak from 521 to
538 nm with increase in particle diameter from 8.3 to 53.8 nm. Au NPs were synthesized by electro-
chemical deposition technique employing ITO film coated glass electrode using 0.1-1 mM HAuCl,
in 0.5M H,SO, solution. Au NPs with size between 70 and 300 nm were produced under variable
HAuCl, concentrations and deposition times [149]. Au NPs were found dispersed on the electrode
surface with higher deposition time resulted in bigger Au NPs, whereas higher HAuCl, concen-
tration resulted in larger concentration of Au NPs on the electrode surface. ITO-coated glass elec-
trodes based Au NP formation by electrochemical method has been reported by various research
groups [150-152]. High density and large surface area gold NP arrays were synthesized on a silicon
substrate by electrochemical deposition technique using high overpotential. It was observed that
high overpotential led to the fast nucleation and small particle size. Electrochemical deposition of
Au NPs on n-doped silicon substrate by employing various electrochemical techniques with vari-
able reaction parameters such as pH, temperatures, reagent concentration, deposition time, and
reaction kinetics have been studied [153]. Of all the electrochemical methods, cyclic voltammetry
was found to produce large-sized Au NPs due to electrodeposition taking place at the slower rate.
Further for the similar reaction conditions such as same temperature and pH, the particle size was
observed to be less in diffusion regime as compared to electrochemical deposition process. Various
gold nanostructures were synthesized by one-step electrochemical deposition on GCE employing
5 mM HAuCl, solution [154]. The morphologies of Au NPs were controlled by changing the pH and
temperature. For example, hierarchical waxberry-like Au NPs with high catalytic performance for
oxygen reduction were produced at pH of 4 which also exhibited remarkable super hydrophobicity.
The contact angle was found to increase with rise in temperature and deposition time. Electro-
chemical deposition of Au NPs was carried out in a solution containing thiosulfate and sulfite to
study the nucleation and crystal growth of Au NPs on the GCE [155]. It was observed that elec-
trodeposition for one second resulted in the production of uniform-sized Au NPs with diameters of
80 + 5nm. Coalescence of Au NPs was observed for 10s, whereas large aggregates of Au NPs with
diameters of 100-300 nm were obtained for 100 s of electrodeposition. Various research groups have
reported the fabrication of Au NPs by the electrochemical method on a GCE [156-160]. A method
known as substrate-enhanced electrolytic deposition has been used for the conversion of Au ions
into Au NPs on CNTs supported on metal substrate which is having lower reduction potential than
Au ions itself [161]. Here CNTs act as templates or cathode for deposition other than the reducing
agents. Here size distribution of electrodeposited Au NP size on side walls of CNTs can be con-
trolled by various parameters gold precursor concentration, nucleation potential, and deposition
time. Since the particle size of the electrodeposited Au NPs on CNTs has bigger particle size usually
between 50 and 500 nm, hence obtaining smaller Au NP with good dispersion is a challenge. This
method produces Au NPs on CNTs, which act as a sensitive platform for biosensing applications,
with signal intensity three times higher than nonmodified carbon paste electrodes [162]. Au NPs
with cauliflower morphology with size of 200 nm have been electrodeposited on CNT-modified
electrode, which exhibited good electrocatalytic activity for oxidation of dopamine, ascorbic acid,
and uric acid [163]. Au NPs of different morphologies have been produced on a graphitic surface
which in turn were produced by micromechanical cleavage of organic graphitic flakes on silicon
wafer with SiO, insulating layer of 300 nm [164]. Room temperature resulted in production of 4 nm
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thick dense cluster of Au on graphene surface [165]. Au polygons were obtained at 100 °C and irreg-
ular Au islands at 80 °C [166]. Gold dendrites were obtained as the substrate was cooled from 80 °C
to room temperature [166]. As the temperature of the substrate reached above 200 °C, coalescence
and growth resulted in the production of three dimensional and geometrical metal islands [166].
Au NPs with positive surface charge with a particle diameter of 2-6 nm have been self-assembled
on graphene sheets functionalized with 1-pyrene butyric acid [63]. The synthesis was achieved by
simple mixing of the aqueous dispersion of various components where electrostatic force acted as
a driving force for Au NP formation. An amount of Au NPs assembled on functionalized graphene
sheets could be easily modulated by changing the weight ratio of the various components. Further
the functionalized graphene sheets exhibited the loading capacity on Au NPs up to 300 times more
than its own weight. Glassy carbon electrode covered by this Au NP-G composite exhibited electro-
chemical stability and electrocatalytic ability. Furthermore, the Au NP-G composite-modified GC
electrode acted as an efficient biosensor for electrochemical detection of uric acid with good sen-
sitivity. Porous Au nanofoams have been prepared by electrochemical deposition of 0.1 M HAuCl,
and 0-3M NH,C1[167]. The deposition of Au took place on a Pt/Ti/Si electrode within the range of
E =0to —8 V over the period of 15-120 seconds. The gold nanofoams had a pore size of 0.01-10 pm
and was ascertained to be impurity free. It was observed that Au foam deposition was possible
only when enough NH, Cl was incorporated to the electrolytic solution as a hydrogen source. The
Au nanofoam had a well-known nanoporous structure with promising sensing and electrocatalytic
applications. Au nanorods with two different aspect rations have been prepared by electrochemical
reduction technique using cationic surfactant as a soft template for shape-directed synthesis [168].
The synthesized Au nanorods had a mean diameter of 10 nm. The electrochemical method is found
to be superior to other methods due to the use of modest equipment, low processing temperatures,
low cost, and high purity.

In summary, the section discusses the electrochemical method for synthesizing transition metal
nanoparticles (NPs), focusing on gold nanoparticles (Au NPs). The electrochemical method was
initially utilized by Reetz et al., using tetraalkyl ammonium salts as stabilizers in a nonaqueous
medium for metal nanoclusters. The synthesis of Au NPs through electrochemical methods
involves varying parameters such as surfactant quantity, temperature, and current density. The
particle size of Au NPs is found to be inversely proportional to the amount of the surfactant (TTAB)
used, with smaller particles obtained at higher surfactant concentrations. Additionally, the current
density and growth temperature are identified as factors influencing particle size. Higher current
density and lower growth temperature lead to smaller Au NPs. The synthesis of Au NPs through
electrochemical deposition on ITO film-coated glass electrodes is discussed, with variations in
HAuCl, concentrations and deposition times resulting in Au NPs of different sizes.

Different research groups have reported the electrochemical deposition of Au NPs on various
substrates, including silicon, silicon with CNTs, and graphitic surfaces. The morphologies of the
Au NPs are controlled by adjusting pH, temperature, and deposition time. The text highlights the
use of cyclic voltammetry, which produces larger-sized Au NPs due to slower electrodeposition
rates. A method called substrate-enhanced electrolytic deposition is introduced, where Au ions
are converted into Au NPs on CNTs supported on a metal substrate. The control over the size
distribution of gold nanoparticles (Au NPs) electrodeposited onto carbon nanotubes (CNTs) can
be achieved by manipulating factors like the concentration of the gold precursor, nucleation
potential, and deposition time. This method is particularly useful for biosensing applications. The
electrochemical deposition technique is praised for its simplicity, low processing temperatures,
cost-effectiveness, and high purity in synthesizing Au NPs. Various morphologies, including
cauliflower-like structures, dendrites, and nanofoams, are achieved through this method, demon-
strating its versatility for different applications such as electrocatalysis and sensing. Overall, the



1.4 Synthesis and Characterization of Gold Nanoparticles

electrochemical method is presented as a superior technique due to its use of modest equipment
and its potential for low-cost, high-purity synthesis of metal nanoparticles.

1.4.3 Polymer and Dendrimer-Mediated Synthesis

Various promising potential applications of gold nanoparticles such as photocatalysis, chemisorp-
tion, sensing, therapeutic, and magnetic device fabrication are dependent upon its size and
morphology [26]. Controlling such features of the gold nanoparticles is a challenging and attrac-
tive with tremendous progress made in this direction. Several novel strategies have been developed
for this purpose. To control the size and morphology of the Au NPs, various synthetic methods
involve several chemical or biological entities have been employed for this purpose. It has been
shown by various research studies, synthesis of Au NPs in the presence of surfactants can greatly
affect the size shape, stability, and particle size distribution [18]. Employing polymeric stabilizers
greatly enhances the long-term stability, improves the solubility, and provides amphiphilicity of Au
NPs. Polymers also provide surface density, improve compatibility, and tailor the properties of Au
NPs. Mention of polymer-stabilized Au NPs dates to 1718 in Helcher’s treatise which report water
soluble starch-stabilized Au NPs. However, nanotechnology has provided a rapid momentum for
synthesizing polymer-stabilized Au NPs for use in various applications such as optics, catalysis, and
biology. Two major techniques used for the fabrication of polymer-stabilized Au NPs are “grafting
to” and “grafting from” techniques. Grafting from technique involves the attachment of polymer
molecules on the Au NP surfaces in presence of radical initiators. This approach can be considered
as a technique of functionalization of Au NPs. In contrast, the grafting-to method utilizes polymers
containing sulfur, phosphorus, or nitrogen groups either at the terminus or within the polymer
chain to stabilize gold nanoparticles (Au NPs). This route is synonymous with the Brust-Schiffrin
process or ligand substitution method. Here the gold salt precursor is first mixed with function-
alized polymer and latter reducing agent is added to obtain polymer-stabilized Au NPs. Various
ligand polymers have been used for synthesized Au NPs such as thiolated PEG, polystyrene (PS),
poly(N-isopropylacrylamide) (PNIPAM), poly(vinyl pyridine) (PVP), five-arm PEG-b-PCL star
block copolymers and amine groups containing ligands such as poly(ethylenimine) (PEI), amine,
and arsenic group containing poly(acryloylaminophenylarsonic acid) (PAAPHA), ionic polymers,
poly(N-vinyl caprolactam) (PVCL) functionalized with oethyl-S-(1-methoxycarbonyl)ethyl dithio-
carbonate, poly(N-vinyl caprolactam) (PVCL), and polymer ligands (DDT-PVAc and PTMP-PVAc)
functionalized with thioether groups. Size of Au NPs can be regulated by varying the polymer/Au
ratio, and the change in particle size can be easily detected by a change in intensity of SPR peak.
Certain polymers serve dual roles as both stabilizers and reducing agents such as PS and PAAPHA.
However, the problem with such reducing agents is that due to their weak reducing ability, Au
NPs formed attain bigger particle sizes in comparison to those formed with strong reducing agents
such as NaBH,. Gold nanoparticles have also been fabricated using functionalized co-polymers.
For example, thermoresponsive hybrid core-shell Au NP have been synthesized in situ using thiol
and amino functionalized poly (nisopropylacrylamide) (NIPAM)-b-(glycidyl methacrylate) (GMA)
(poly NIPAM-b-GMA) as template for stabilizing Au NPs inside polymer shells. Synthesis of Au NPs
by ligand substitution reaction has a significant advantage in that the Au nano seeds synthesized
by Turkevich or Brust method are nearly monodisperse which after ligand substitution reaction
leads to the formation of monodispersed polymer-stabilized Au NPs. PEO-b-PS-b-P4VP-stabilized
AuNPs were obtained by Azzam et al. by adding PEO-b-PS-b-P4VP to TOAB-stabilized Au NP
solution in toluene with subsequent stirring for 24 hours. Various research groups have synthe-
sized polymer-stabilized Au NPs by this technique. “Grafting to” technique employs polymer
as templates for the stabilization of Au NPs as core—shell structures. A simple solution phase
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synthesis was employed to reduce gold ions into Au NPs of controlled size and shape in presence of
poly-(methylphenylphosphazene) (PMPP) of various concentrations which prevents the unlimited
growth of the gold crystals under ambient temperature [169]. The stability of the polymer-mediated
Au NPs can be further enhanced by encapsulation with block co polymers. For example, Xinjiao
et al. documented the fabrication of Au NPs dimer systems using citric acid, which were stabilized
in this state by further encapsulation within 154 block copolymers of polystyrene and poly (acrylic
acid) [170]. Among various polymers, DNA is considered to be a good candidate for the stabilizing
gold nanoparticles at various sizes and shapes due to its advanced features such as specificity,
photochemical stability, and mechanical rigidity [171, 172]. Polymers have proved to be one of the
best choices for the shape-directing synthesis and stability of gold nanoparticles [173, 174].
Dendrimers are synthetic macromolecules which are cauliflower shaped, highly branched
with well-defined structure and composition [175, 176]. Dendrimers are used to stabilize Au
NPs by various ways such as entrapping them into the macromolecular structure by the N, S,
O, and P containing functional groups and by steric effects [177-181]. Such Au NPs are called
as dendrimer-encapsulated Au NPs (Au-DENS). Au NPs are also stabilized by encapsulation by
small dendrimer molecules at their surface boundaries which are known as dendrimer stabilized
Au NPs. Au NPs can function as dendrimer cores, with coordinating ligands situated at the focal
points of the dendrons to stabilize them. Such Au NP systems contain functional groups at the
periphery of the dendrons, hence they are found to be useful for application as redox sensors
[182, 183]. Dendrimer-encapsulated Au nanoparticles were first synthesized using polyami-
doamine (PAMAM) as stabilizers by Crooks and Tomalia’s research groups [184-186]. Since then,
several dendrimers stabilized Au NPs of various types have been synthesized. Various factors
which govern the synthesis of dendrimer-stabilized Au NPs such as dendrimer to Au Salt ratio
[187-189] and type of functional groups in the dendrimer [190-193]. PEG dendrimer-stabilized Au
NPs have been synthesized and stabilized by 1,2,3-triazole coordination by Click method [194]. In
this method, Au NPs are either encapsulated by large dendrimer macromolecules or surrounded by
small dendrimer molecules which are known as zeroth generation dendrimers. Au NPs have been
synthesized using phosphorylcholine-functionalized dendrimers as stabilizers for use in biosens-
ing applications due to good stability and controlled surface properties [195]. The inner structure
of dendrimer-stabilized Au NPs has been investigated by Voelker’s group using NICISS technique
[191]. Cho et al. [196] reported the synthesis of four types of Newkome-type Dendron-stabilized
Au NP (Figure 1.5A). The study encapsulates a comprehensive exploration of gold nanoparti-
cles (AuNPs) conjugated with a variety of dendrons. It commences with the synthesis phase,
which introduced four distinct dendron types, encompassing both two-directional dendrons
with cystamine cores (G1—COOH and G2—COOH), a one-directional monothiol dendron
(SH—G1—COOH), and a unique “di-anchored” dendron (TA—G1—COOH). The dendron conju-
gates, denoted as Au—G1—COOH, —G2—COOH, —SH—G1—COOH, and —TA—G1—COOH,
were achieved through the amalgamation of dendron solutions with citrate-stabilized gold
colloids. The characterization of these conjugates is delineated, featuring a multitude of analytical
methods such as DLS (Figure 1.5B), UV-vis spectroscopy, XPS, and AFM (Figure 1.5C). These
analyses unveiled crucial attributes, including optimal z-average sizes, minor redshifts in the SPR
band, and highly uniform size distributions. The application of XPS further validated the presence
of essential chemical functional groups on the AuNPs, while it became evident that steric effects
wielded significant influence over the surface coverage of dendrons on the AuNPs. The stability
studies constituted a pivotal aspect of the study, elucidating that the conjugates retained stability
under conditions pertinent to biological contexts. These studies demonstrated the remarkable
resilience of the conjugates across various media, including high-saline environments and a
spectrum of pH values. Notably, the conjugates exhibited robustness even under highly acidic
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conditions, with pH 3 causing minimal disruption. The revelation that chemical stability was
governed by both dendron size (branch effect) and the S/Au ratio (Sulfur coverage effect) was
underlined, with the latter emerging as the more prominent factor. Lastly, the paper addressed the
issue of shelf life and explores the viability of lyophilization for semidry storage. Impressively, the
conjugates proved to maintain stability over a minimum of six months under standard laboratory
conditions. Furthermore, the preliminary foray into lyophilization hinted at the potential for
extending their shelf life while retaining colloidal stability after resuspension.

In short, the section discusses the synthesis of Au NPs using polymer and dendrimer-mediated
methods, exploring their potential applications across diverse fields such as optics, catalysis, and
biology. The size and morphology of Au NPs are crucial for their functionalities, and the section
delves into strategies for controlling these features. Polymeric stabilizers are highlighted for
enhancing the long-term stability, solubility, and amphiphilicity of Au NPs. Two major synthesis
techniques, “grafting to” and “grafting from,” are discussed. The former involves using polymers
with specific end groups to stabilize Au NPs, while the latter attaches polymer molecules to Au
NP surfaces in the presence of radical initiators. Various ligand polymers, including thiolated
PEG, polystyrene (PS), and poly(N-isopropylacrylamide) (PNIPAM), are employed to synthesize
polymer-stabilized Au NPs. The size of Au NPs can be controlled by adjusting the polymer-to-gold
ratio, and some polymers act as both stabilizers and reducing agents. Functionalized co-polymers,
such as thermoresponsive hybrid core-shell Au NPs, are synthesized in situ using templates for
stabilizing Au NPs inside polymer shells. Ligand substitution reactions are highlighted for their
advantage in producing nearly monodisperse polymer-stabilized Au NPs.

The section also explores the use of block copolymers for enhancing the stability of
polymer-mediated gold nanoparticles. DNA is recognized as a suitable candidate for stabilizing Au
NPs due to its specificity, photochemical stability, and mechanical rigidity. Dendrimers, synthetic
macromolecules with a highly branched and well-defined structure, are discussed as stabilizers for
Au NPs. Different types of dendrimer-stabilized Au NPs, such as dendrimer-encapsulated Au NPs
(Au-DENS) and dendrimer-stabilized Au NPs, are synthesized. Factors affecting the synthesis,
including dendrimer-to-Au salt ratio and the type of functional groups in the dendrimer, are
explored. The section concludes with a study by Cho et al., which investigates gold nanoparticles
conjugated with various dendrons. The study introduces four distinct dendron types and discusses
their synthesis, characterization, stability, and potential applications. The conjugates demonstrate
resilience in various conditions, including high saline environments and different pH values, and
exhibit stability over an extended period, even under lyophilization for semidry storage.

1.4.4 Photoreduction Method

The photoreduction process has demonstrated to be one of the most effective methods for synthe-
sizing single-crystalline Au NPs [197]. Ultraviolet light spans between visible light and ionizing
radiations and have the wavelength from 100 to 400 nm [198, 199]. UV light can be categorized
into three groups, viz., UV-A having wavelength from 315 to 400 nm, UV-B with wavelength from
290 to 315nm, and UV-C with wavelength between 100 and 290 nm [197]. In UV photochemical
synthesis of Au NPs, the reducing agent may or may not facilitate the reduction of metal ions
[200, 201]. In some cases, UV radiation is absorbed by the photosensitizer such as ketones, which
produce free radicals by photolysis. These free radicals facilitate the reduction of metal ions
into metal atoms. The metal atoms form metal cluster which subsequently grow to form metal
nanoparticles [202, 203].

Shape-controlled synthesis of Au NPs by UV-irradiation technique was successfully achieved
by Shengchun Yang et al. [204]. Size and shape-controlled synthesis of Au NPs by photochemical
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technique was found to be more effective in presence of various macromolecules such as den-
drimers and surfactants. UV radiation encourages the photochemical reduction of aqueous Au
(111) solution, whereas macromolecules act as soft templates for the production of Au NPs, thereby
providing the steric hindrance and preventing the agglomeration of the particles [205]. In most
cases, the particle size decrease with increase in the degree of polymerization. Heparin-assisted
synthesis of negatively charged functionalized gold nanoparticles was obtained using photochem-
ical synthesis method and were used for the SERS [206]. Au NPs of the size of 80 nm were obtained
by irradiation of chloroauric acid with highly energetic y-radiations. These highly energetic
radiations result in the fast nucleation of the metal ions thereby giving no or less time to control
shape of the resulting nanoparticles. However, UV radiations being less energetic results in the
formation of radicals with lifetime of the order of milliseconds, which results in reduction of
the metal ions over longer time periods, hence, provides the opportunity to exert control over
the particle morphology [207]. During photochemical synthesis, morphology of Au NPs can
be regulated by various reaction parameters such as temperature, pH, precursor concentration,
stabilizers, and reaction time [208, 209]. The influence of pH and reagents on the fabrication of
Au NPs was studied by Rodriguez et al. using UV lamp (256 nm). The results demonstrated that
basic solution (pH 9) resulted predominantly in the formation of nanospheres [209]. The UV-Vis
studies revealed only one SPR band at 515 nm. Yet, in acidic solutions with pH levels of 3 or 5,
nanorods were generated, exhibiting two SPR bands. Cheng et al. [210] similarly explored the
impact of pH on Au NP morphology and reported findings consistent with those described earlier.
The effect of pH on the size and morphology of Au NPs was also studied by Unal et al. using red
cabbage extract as a reducing and a stabilizing agent under the influence of UV light source [211].
Anthocyanins, which are natural pigments and secondary metabolites found in RCE, are detailed
as key components responsible for the pH-dependent color variations in the synthesized AuNPs.
The synthesis process, depicted in Scheme (Figure 1.6A), is described as a step-by-step transforma-
tion involving anthocyanin-Au®* complex formation, charge transfer, and the ultimate production
of stable zero-valent AuNPs. Anthocyanins are highlighted as efficient photo-reductants. The
results of AuNP characterization at pH 7.4 are then presented, demonstrating time-dependent Au
formation, the transition to colloidal AuNPs, and their stable, spherical shape. The impact of RCE
extract concentrations on AuNP formation is also discussed, with higher concentrations favoring
stable AuNP synthesis, while lower concentrations lead to inadequate reduction. Furthermore, the
influence of pH on AuNP formation is examined, showing that more stable and colloidal AuNPs
are obtained at pH 11 compared to pH 2.5 (Figure 1.6B). The impact of using single or multiple
reducing or stabilizing agents on AuNP formation is addressed, with anthocyanins from RCE
acting efficiently as both reducing and stabilizing agents (Figure 1.6C). The colloidal stability of
RCE AuNPs in different NaCl concentrations is highlighted, emphasizing their enhanced stability
compared to commercial AuNPs. Finally, the RCE AuNPs are discussed as effective catalysts
for the conversion of 4-nitrophenol to 4-aminophenol (4-NP to 4-AP) based on their catalytic
performance. The findings suggest that RCE AuNPs could have potential applications in various
scientific and biomedical fields due to their stability and catalytic capabilities. The morphology
of Au NPs is also influenced by the concentration of the precursor [212]. In most of the Au NPs
synthesis, HAuCl, is the most commonly employed gold precursor [205, 209, 213, 214]. Silver
nitrate has also been used to produce anisotropic Au NPs, as silver ions directly contribute to the
emergence of the longitudinal SPR peak in Au NP solutions. The impact of varying concentrations
of HAuCl, and AgNO; on the morphology of Au NPs was investigated by Sanabria-Cala et al. [215]
using UV light (256 nm) in presence of CTAB, a cationic surfactant. Their findings indicated that
an increase in the concentration of HAuCl, led to the formation of spherical Au NPs, attributed
to the constrained growth of CTAB micelles. Higher concentrations of silver nitrate favor the
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Figure 1.6 (A) Depiction of pH-dependent RCE Au NPs when exposed to UV irradiation. The color of RCE
solutions, the electronic structure of anthocyanin, and the charge density on the surface of RCE Au NPs
directly correlate with the reaction pHs. (B) Analysis of pH-dependent RCE Au NPs. (a) UV-Vis spectra of the
Au NPs synthesized at pH 2.5 (depicted by the black line) and pH 11 (indicated by the red line). Inset in

(a) Visual representation of the color of Au NP solutions at pH 2.5 (i) and pH 11 (ii). (b) Scanning electron
microscopy (SEM) image of the Au NP formed at pH 11. Inset in (b) the molecular structure of anthocyanin
carrying a negative charge. (c) Size distribution of the Au NP synthesized at pH 11. Similar characterization
is performed for Au NPs formed at pH 2.5. (d) SEM image of the Au NPs. Inset in (d) the molecular structure
of anthocyanin with a positive charge. (e) Size distribution of the Au NPs. (C) Analysis of the size and shape
of Au NPs formed by varying reducing agents/capping agents (a) UV-Vis spectra showing Au NP absorption
peaks. RCE alone: 537 nm (blue). Adding ascorbic acid to Au®* shifted LSPR to 559 nm (red) and 547 nm
(black) before and after RCE addition. (b) TEM image showing 27 nm Au NPs with RCE alone. (c) DLS spectra
showing 70 nm effective diameter with RCE alone. (d) TEM image showing Au NPs size range (18-53% nm)
with RCE added to Au* and ascorbic acid. (e) TEM image showing Au NPs size range (21-35 nm) with
ascorbic acid added to Au®* and RCE. (f) DLS spectra showing 185 nm effective diameter with RCE added to
Au** and ascorbic acid. (g) DLS spectra showing 90 nm effective diameter with ascorbic acid added to Au3*
and RCE. Source: (a-c) Reproduced with permission from Unal et al. [211]/Elsevier.
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Figure 1.6 (Continued)

formation of anisotropic Au NPs. Numerous photochemical techniques for synthesizing Au NPs
have utilized stabilizing agents including trisodium citrate, PVP, Triton X-100, citric acid, chitosan,
and glycine [205, 213, 216-218]. Shiraishi et al. [219] investigated the influence of citric acid con-
centration on the morphology of Au NPs under UV radiation (254 nm). Higher concentration of
citric acid produced smaller-sized Au NPs in higher yields which is indicated by the amplified
intensity of the SPR peak around ~530nm with increasing concentration of citric acid. Higher
concentration of citric acid resulted in fast nucleation which subsequently led to the generation
of tiny Au NPs. In some cases, formation of Au NPs was induced by UV radiations alone without
the use of any chemical or biological reducing agent. For instance, Teixeira et al. fabricated Au NPs
using UV light and polyethyleneimine (PEI) as the stabilizing agent without the use of any external
reducing agent [217]. The influence of adjusting the concentration of HAuCl, (precursor) and PEI
([PEI] : [HAuCl,] ratios of 5: 1,10 : 1, and 20 : 1) on the morphology of Au NPs was investigated. It
was observed that Au NP formation did not occur in absence of PEI which indicated that it played a
key role in the nucleation of Au atoms for the subsequent formation of Au NPs. Further increase in
the ratio of PEI to precursor concentration led to the production of spherical Au NPs. Surfactants
serve as commonly employed stabilizing agents, playing a pivotal role in the generation of Au NPs
with diverse morphologies. Surfactants act as templates which regulate the growth the Au NPs and
direct their shape and size [220]. Various types of surfactants have been used for this purpose such
as anionic surfactant, e.g., SDS, SDBS, cationic surfactants such as CTAB, DTAB, and nonionic
surfactants such as Tween X-80, Triton X-100, and hydrogenated castor oil (HCO). The nature of
the surfactant and their structure also affects the NP size. For instance, the study by Shang et al.
[221] systematically explored the influence of spacer length and hydrophobic chain length within
gemini surfactants on the properties of synthesized gold nanoparticles. Gemini surfactants, specif-
ically 16-s-16, were the focus of the investigation, varying the spacer length (s) through values of 3,
4, 6, 10, and 12. The research uncovered a fascinating interplay between these molecular parame-
ters and the resulting nanoparticle properties. In the context of spacer length, initial observations
from UV-Visible spectra of the HAuCl, solution revealed a charge transfer band at 222nm and a
moderate D-d transition band at 290 nm. However, after exposure to irradiation, a significant shift
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occurred, with the D-d transition band moving to 320 nm. When Gemini surfactants were intro-
duced to the HAuCl, solution, the quaternary amine groups within these molecules interacted with
the negatively charged AuCl, ions, leading to the formation of turbid suspensions. Crucially, after
12 hours of irradiation, these suspensions transformed into transparent solutions with a distinct
purple color, implying the successful generation of Au NPs. The UV-Visible bands of these NPs
displayed a notable absorption peak at around 540 nm, characteristic of the gold plasmon band.
Importantly, the spacer length played a pivotal role in determining the absorption peak’s position.
Longer spacer lengths led to a blue-shift in the wavelength. This trend was further corroborated
through TEM and AFM characterization, which confirmed that particle size exhibited an inverse
relationship with spacer length, decreasing from about 22 to 7 nm as spacer length increased. This
intricate relationship between spacer length and nanoparticle properties unveiled the potential for
fine-tuning gold nanoparticles according to specific design requirements. The study delved into
the effect of hydrophobic chain length while maintaining a consistent spacer length. This analysis
demonstrated that the size of synthesized gold nanoparticles increased with the extension of the
hydrophobic chains, with a significant influence on the absorption wavelengths. When the chain
length was increased from 16 to 18, the impact of the hydrophobic chain on nanoparticle prop-
erties became less pronounced. In particular, it led to a red-shift in the absorption wavelengths.
This experimental exploration showcased the pivotal role that both spacer length and hydropho-
bic chain length play in modulating the properties of gold nanoparticles, offering a glimpse into
the tailored design of these nanoparticles for various applications. The research extended to inves-
tigate the synthesis of gold nanoparticles using traditional surfactants, including anionic (SDBS,
SDS), cationic (DTAB, CTAB), and nonionic (Triton X-100) surfactants. The choice of surfactant
was revealed to significantly impact the size and properties of the generated Au NPs. In particular,
cationic surfactants led to the production of smaller nanoparticles. While anionic and nonionic sur-
factants produced nanoparticles with different characteristics. The fundamental role of surfactants
in mediating the production of Au NPs was evident, with their presence leading to transparent solu-
tions with a distinct purple hue, in comparison to the formation of macro-scale gold particles in the
absence of surfactants. The study also proposed a mechanism for the formation of Au NPs in the
presence of cationic gemini surfactants. This mechanism hinged on the photolysis and reduction
of (AuICl,) ions dissociated from HAuCl,. These ions were reduced to form Au metal, a process
facilitated by the micelles formed by surfactants and their interaction with ions. Importantly, both
spacer length and hydrophobic chain length influenced the aggregation of these micelles and the
concentration of (Au''Cl,) ions, resulting in varying nanoparticle sizes and absorption wavelengths.

In short, the section discusses the photoreduction method as an effective route for synthesizing
single-crystalline gold nanoparticles (Au NPs). Ultraviolet (UV) light, spanning between visible
light and ionizing radiations, is utilized for the UV photochemical synthesis of Au NPs. This method
involves the reduction of metal ions, facilitated by UV radiation or photosensitizers like ketones that
generate free radicals through photolysis, subsequently reducing metal ions to form metal clusters
and nanoparticles. Shape-controlled fabrication of Au NPs through UV irradiation is demonstrated,
with size and shape being effectively controlled in the presence of macromolecules such as den-
drimers and surfactants. UV radiation encourages the photochemical reduction of aqueous Au
solutions, while macromolecules act as soft templates, providing steric hindrance and preventing
particle agglomeration. The effect of various parameters, like pH, temperature, precursor concen-
tration, stabilizers, and reaction time, on the morphology of Au NPs during photochemical syn-
thesis is explored. pH, in particular, is shown to affect the formation of nanospheres or nanorods,
providing insights into the control of Au NP morphology.

The section presents a case study using red cabbage extract (RCE) as a reducing and stabilizing
agentunder UV light, resulting in the fabrication of stable, spherical Au NPs. The study investigates
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the impact of RCE extract concentrations, pH, and the use of single or multiple reducing or stabi-
lizing agents on Au NP formation, highlighting the stability and catalytic capabilities of RCE Au
NPs. Furthermore, the fabrication of Au NPs using different precursors such as tetra chloroauric
acid (HAuCl,) and silver nitrate is discussed. Surfactants, including anionic (SDS, SDBS), cationic
(CTAB, DTAB), and nonionic (Triton X-100) surfactants, are commonly used stabilizing agents
that play a fundamental role in controlling Au NP growth, shape, and size. The study also inves-
tigates the influence of spacer length and hydrophobic chain length in gemini surfactants on the
properties of synthesized Au NPs. Overall, the photoreduction method is presented as a versatile
and controllable approach for synthesizing gold nanoparticles with tunable properties for various
applications.

1.4.5 Using Reverse Micelles and Liposomes

Surfactants have been utilized to synthesize Au NPs within colloidal aggregates known as reverse
micelles or water-in-oil (W/O) microemulsions [84, 222-225]. Reverse micelles are thermodynam-
ically stable, transparent, and isotropic water in oil systems which are composed of water core or
droplet dispersed in oil phase and stabilized by the surfactant molecules present at the interface
of water and oil [226-230]. Water is confined in the inside polar core of the reverse micelles,
which act as nanoreactors for the fabrication and growth of the Au NPs. The surfactant molecules
present at the interface form a rigid or semirigid barriers that prevent the agglomeration of the
Au NPs [231]. Further, the size of Au NPs is governed by the diameter of the reverse micellar
water core [232]. Reverse micelles can be defined as nanoreactors that offer an optimal environ-
ment for the controlled nucleation and growth of nanostructures. Furthermore, the surfactant
molecules provide the steric stabilization that prevents the Au NPs from aggregation. Different
low molecular weight surfactants, including cetyl trimethyl ammonium bromide (CTAB), sodium
dodecyl sulfonate (SDS), sodium bis(2-ethylhexyl) sulfosuccinate (AOT), Triton X-100, and others,
can form reverse micelles to facilitate the creation of Au NPs with diverse sizes and shapes.
Nanoparticles are prepared in reverse micelles using either a single microemulsion method or two
microemulsion systems [233]. Single microemulsion method further includes energy triggering
and microemulsion plus reactant technique [232]. In the energy-triggering approach, the intro-
duction of a triggering agent into the microemulsion medium initiates the reaction. This activation
of the medium sets off a cascade, resulting in the formation of nanoparticles. Pulse radiolysis and
photolysis have been used as triggering agents for the formation of NPs [234]. In one microemul-
sion plus reactant method, one of the reactants such as gold salt is dispersed inside the aqueous
cores of the microemulsion system, and the second reactant which usually acts as a precipitating
agent (reducing agent such as NaBH,) in the form of aqueous/nonaqueous or gas phase is
introduced into the microemulsion medium. This microemulsion system can be prepared in an
inverse manner with precipitating agent taken inside the aqueous cores of the microemulsions and
the second gold salt fed from outside [232]. The reducing agent induces reduction of metal ions
inside the aqueous cores of the microemulsion resulting in the formation of small nuclei which
further aggregate to from NPs of specific size and shapes, which is governed by the size and shape
of the reverse micelles. The whole process is diffusion driven since the second reactant diffusions
into the water droplets of the microemulsions containing second reactant. In two microemulsion
method, two separate microemulsion systems are prepared designated as ME-1 and ME-IIL. The
aqueous phase of one of the microemulsions contain dissolved gold salt whereas second one
contains reducing agent. The two microemulsions are then mixed under constant stirring during
due to which Brownian motion of the reverse micelles leads to the intermicellar collusion and
mixing of the micellar contents. Fusion and fission events occur during the micellar collusion
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leading to the formation of temporal intermittent reverse micellar structures. The intermittent
reverse micellar systems allow exchange of the reaction precursors inside the aqueous cores
resulting in the occurrence of the chemical reduction of metal ions. After the chemical reduction,
the intermittent reverse micellar structures then break to from reverse micelles containing metal
atoms which aggregate to form metal nanoclusters. Metal nanoclusters then aggregate to form
nuclei which grow further to form NPs. Employing reverse micelles for the synthesis of NPs suffers
from a major drawback. During Au NP synthesis, surfactant is employed in large quantities which
gets incorporated in Au NPs during separation step [145]. Since most of the surfactant molecules
are biologically toxic in nature, which limits their use in biological applications. The single-step
purification of microemulsion synthesized Au NPs has been done by Hollamby et al by inducing
phase transition and subsequent separation [235]. The study explored the synthesis and purifica-
tion of gold nanoparticles (Au-NPs) using a microemulsion system. The color change from yellow
to ruby red observed upon mixing the microemulsion with AuCl*~ was indicative of successful
Au-NP formation. UV spectroscopy confirmed this transformation, showing the disappearance
of the peak around 400 nm and the emergence of a strong absorbance band cantered at 525 nm.
This change happened rapidly, with UV-vis stopped flow data revealing an initial decrease in
absorbance followed by a rapid increase, reaching a maximum within 35 + 3 ms. Phase separation
was induced by adding equal volumes of water to the Au-NP-containing microemulsion, resulting
in two coexisting phases: an octane-rich upper phase and a water-rich lower phase. Surprisingly,
the Au-NPs partitioned strongly into the upper phase, as evidenced by the distinct color difference
between the two phases (dark ruby red for the upper phase and light pink for the lower phase).
UV-vis spectroscopy further quantified this concentration difference, revealing that sample
contained twice the concentration of Au-NPs as the initial homogeneous sample, and 18 times
that of the lower aqueous phase. The concentration calculations showed that approximately 82%
of the mass of Au-NPs from the original microemulsion was partitioned into the top phase after
separation. This strong partitioning and purification process allowed for the efficient separation
and purification of the Au-NPs from any excess CTAB, the surfactant used. These purified Au-NPs
could then be dried and redispersed in fresh octane. This preference of Au-NPs for the nonaqueous
phase is somewhat unexpected, considering the typical behavior of CTAB to form stable bilayers
on negatively charged surfaces. The mixed octane and butanol organic solvent in the upper phase
appeared to disfavor CTAB bilayer formation, facilitating the hydrophobization of the Au-NP sur-
face. Any residual Au-NPs in the lower phase might still be stabilized by a CTAB bilayer, but further
investigation is required. TEM images confirmed that the purified Au-NPs retained their size and
shape, consisting of a polymorphic collection of spheres, triangles, and short rods. These nanopar-
ticles exhibited a wide length-scale range from approximately 100 to 400 A. There are numerous
studies on the Microemulsion synthesis of Au NPs for various applications [84, 222, 223, 236-239].

However, using co-polymer-based micelles offers several advantages over classical surfactant-
based micelles. The critical micellar concentration (CMC) of co-polymers is small in comparison
to surfactants. The also exhibit higher kinetic stability as compared to surfactants. Further
size and shape of co-polymer-based micelles can be easily altered by varying the composi-
tion, architecture, and length of constituent blocks of a co-polymer. The stability of Au NPs
formed inside co-polymer-based reverse micelles can be improved by raising the length of the
coronal blocks [240, 241]. Gold NPs have been synthesized using various types of co-polymers
such as poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide), (PEO-PPOPEO)
[242-246], Poly(styrene) blockpoly(vinylpyridine) (PS-b-PVP) [247, 248], polymer micelle sta-
bilized poly(styrene) block-poly(4-vinylpyridine)((PS-b-P4VP)4) [249], polystyrene-block-poly(2
vinylpyridine) [250], and poly(ethylene oxide)-poly(n-butyl acrylate) (PEO-PnBA) [251]. Gold NPs
synthesized in block co-polymers have been used for various applications such as biosensing [246]
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and catalysis [248, 252]. Gold NPs were synthesized by reducing the gold salt (HAuCl,) in the polar
cores of poly(styrene)-block-poly(2-vinylpyridine) (PS-b-P2VP) copolymer micelles by Moller et al.
[253]. Three different reducing agents were used to reduce gold salt inside the microemulsions
of different strengths such as HA, triethylsilane (TES), and potassium triethylborohydride (PTB).
The size of the Au NPs was found to vary with the strength of the reducing agent used. The average
diameter of the Au NPs formed was calculated to be 1.7, 2.6, and 8 nm using HA, TES, and PTB
reductants, respectively. Rapid reduction of Au (III) ions occurred with HA and PTB, whereas
TES proved to be milder reducing agent. DLS measurements demonstrated that incorporation of
HAuCl, and reducing agents into PS-b-P2VP micelles caused the swelling of the resulting micelles.
Gold dodecahedra and triangular nanoplates have been synthesized via one-step process reducing
HAuCl, in presence of citric acid and Tetronic T904, an amphiphilic copolymer comprised of
polyethylene oxide and propylene oxide units. Tetronic T904 co-polymer acted both reducing and
stabilizing agent. TEM images showed the formation of dodecahedral Au NPs (85%) when using
0.5mM HAuCl,, 30 mM citric acid and 0.8 mM T904 and 1 mM HCl at 80 °C. The Au dodecahedra
exhibited pentagonal symmetry the lateral size of 30 +4nm and apex sizes of 19+3nm. The
remaining 15% of the Au NP sample is composed of Au nameplates (Figure 1.7A). However, as the
concentration of co-polymer was increased from 0.5 to 6 mM, the concentration of small triangular
Au nanoplates increased in the sample. The product was found to contain 90% of Au nanoplates
with an edge length of 40 nm. The remaining 10% included other shapes such as decahedra and
octahedra (Figure 1.7B). The shape of the Au nanotriangles was found to evolve with time. After
one hour of reaction, the sample mainly contained small Au NPs of undefined shapes. Spherical
and polyhedral Au NPs were observed after six hours of reaction. Small triangular nanoplates
with size of 15 nm were observed after 15 hours of reaction. As the reaction prolonged to 24 hours
and then to 36 hours, a gradual improvement of size uniformity was observed with Au nanoplates
of certain smaller-sized started disappearing whereas relatively larger Au nanotriangles became
bigger (Figure 1.7C). The whole development suggested occurrence of Ostwald ripening and
growth process. The synthesis of Au NPs inside co-polymers takes place in three steps [255]. First
step involves the reduction of Au ions inside the crown ether like regions of the block co-polymers
in solution. Second step involves the absorption of block co-polymers on the surface of Au NPs.
Third step involves the growth of the smaller Au NPs stabilized by the polymer molecules. Various
factors such as temperature, size, and shape of the reverse micelles and micellar environment are
the main factors which govern the overall growth kinetic which lead to the Au NPs of specific
morphologies [245, 256].

Liposomes are the supramolecular assemblies of amphiphilic liquids, which can be utilized
as reverse micelles for the fabrication of Au NPs. A two-step approach for the synthesis of Au
NPs inside liposomes has been performed by incorporating a reductant, NaBH, to a mixture of
liposomes and HAuCl, [257]. In the first step, Au nanoparticles of 1 nm diameter were produced by
employing an aqueous solution of 1,2-dipalmitoyl-sn-glycero-3-phosphothio-ethanol-phospholipid
(PL). Subsequently, the size of Au NPs was increased from 1 to 5nm through the interaction of
PL with the Au NPs. Furthermore, it was determined that PL forms a double layer on the Au
NP surfaces, and this interaction was facilitated by the thiol functionality of PL. Gold NPs have
been synthesized inside glycerol incorporated nanosized liposomes of 1, 2-dioleoyl-sn-glycero-
3-[phosphor-rac-(1-glycerol)] (DOPG) and 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(lyso-PPC) in presence of a short-chain alkanethiol, 6-mercapto-1-hexanol (MCH) as the capping
agent [258]. Effect of varying concentration of glycerol, reducing agent and capping agent on the
size and morphology of Au NPs have been examined. Nanoliposomes were prepared using a com-
bination of DOPG and lyso-PPC in the molar ratio of 88 : 12 with varying glycerol concentration
(3-15% [v/v]). The authors initially explored the synthesis of Au NPs in glycerol. They observed the
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Figure 1.7 (A) Displays (a) transmission electron microscopy (TEM) images of Au decahedra that were
synthesized at 80 °C in a solution containing 0.8 mM T904, 30 mM citric acid, 0.5 mM HAuCl,, and 1 mM HCL.
(b) The images reveal the fivefold twinned symmetry characteristic of decahedra. Notably, when the
orientation of the decahedra to the electron beam changes, they exhibit a bipyramid geometry, as indicated
by the arrows. The scale bar represents a length of 50 nm. (B) TEM images depict the ultrasmall Au
nanoplates that were synthesized under the conditions of 80 °C, 6 mM T904, 12 mM citric acid, 0.5 mM
HAuCl,, and 3 mM HCL. Additionally, the inset in (a) shows the selected area electron diffraction (SAED)
pattern, confirming the crystalline nature of the triangular nanoplates. (C) Provides a sequence of TEM
images that illustrate the progressive formation of ultrasmall triangular nanoplates using the same
conditions as in (A), captured at different time points: (a) 1 hour, (b) 6 hours, (c) 15 hours, (d) 24 hours, and
(e) 36 hours. Furthermore, (f) presents a magnified view of the triangular nanoparticles. The scale bar in
these images represents a length of 20 nm. Source: (a-c) Reproduced with permission from Goy-Lopez et al.
[254]/Royal Society of Chemistry.

formation of relatively large and heterogeneous particles (10-50 nm) when chloroauric acid was
mixed with glycerol in PBS solution at 25 °C in the absence of liposomes. However, when glycerol
was incorporated into liposomes and a pH jump was applied, smaller and more homogeneous par-
ticles (5-10 nm) were obtained. This suggests the reduction of Au(III) to Au(0) was more effective
when liposomes were used. Next, liposomes were introduced as nanoreactors for Au NP synthesis.
The incorporation of glycerol within the liposome structure was expected to provide a semisolid
reaction environment, favoring controlled nanoparticle formation. TEM images displayed the
stages of the reduction reaction in the presence of glycerol-incorporated liposomal nanoreactors
(Figure 1.8). Particles were observed both within the nanoreactors and in the surrounding solution
after the elimination of the lipidic membrane. The authors then assessed the effect of glycerol
concentration and the presence of a capping agent (6-mercapto-1-hexanol, MCH) on the particle
size. They found that higher glycerol concentrations led to larger particles (7.7-6.4 nm), which
indicated oxidation by-products of glycerol reacting with Au(III). However, the inclusion of MCH
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in liposomes resulted in a reduction in particle size (2.9-4.9 nm) due to the reducing effect of MCH
(Figure 1.8B). The influence of temperature on particle properties was also investigated. Higher
temperatures led to smaller particle sizes (1.9 nm at 50 °C compared to 6.3nm at 4 °C) because
of the increased reaction rate and rapid nucleation at elevated temperatures, leading to more
efficient particle formation (Figure 1.8C). A quick one-step environmentally friendly synthesis of
Au NPs has been performed by employing giant uni-lamellar vesicles (GUV) and ascorbic acid
as a reductant [259]. Spherical Au NPs were formed at lower precursor concentrations, whereas
nonspherical Au NPs were observed at higher precursor concentrations. Further GUVs were
doped with cationic and anionic liquids to study the effect on Au NP size. The presence of anionic
dopants led to the formation of larger Au NPs compared to cationic dopants.

In summary, this section explores the use of surfactants in synthesizing gold nanoparticles
(Au NPs) within colloidal aggregates known as reverse micelles. Reverse micelles represent
thermodynamically stable systems consisting of a water core dispersed within an oil phase,
stabilized by surfactant molecules at the water/oil interface. The water core acts as nanoreactors
for Au NP formation, with surfactants preventing NP aggregation by forming rigid or semi-rigid
barriers. Various low molecular weight surfactants, such as CTAB, SDS, AOT, and Triton X-100,
are employed to create reverse micelles for Au NP synthesis. Two methods, single microemul-
sion and two microemulsion systems, are discussed. Single microemulsion methods include
energy-triggering and microemulsion-plus-reactant methods, utilizing triggering agents like pulse
radiolysis or photolysis. Two microemulsion methods involve mixing separate microemulsion
systems (ME-I and ME-II) to induce chemical reduction and NP formation.

A major drawback discussed is the incorporation of a large quantity of surfactant during Au NP
synthesis, limiting biological applications due to the potential toxicity of surfactant molecules.
A study by Hollamby et al. is mentioned, where a single-step purification method using phase
transition and subsequent separation is employed to address this issue. The section then delves
into the advantages of using co-polymer-based micelles over classical surfactant-based micelles.
Co-polymers exhibit small CMCs, higher kinetic stability, and easy alteration of micelle size
and shape by varying composition, architecture, and length. Various co-polymers, such as
PEO-PPOPEO, PS-b-PVP, PS-b-P2VP, PEO-PnBA, have been used for synthesizing gold nanoparti-
cleswith applications in biosensing and catalysis. The use of liposomes, supramolecular assemblies
of amphiphilic lipids, as reverse micelles for Au NP synthesis is also discussed. A two-step approach
involves incorporating a reductant, NaBH,, to a mixture of liposomes and HAuCl,. The size and
morphology of Au NPs can be manipulated by adjusting glycerol concentration, the choice of
reducing agent, and the capping agent present within liposomes.

Overall, the section provides insights into diverse methods and techniques for synthesizing
gold nanoparticles using surfactants, co-polymers, and liposomes, each with its advantages and
applications.

1.4.6 Green Chemistry Methods

Though chemical methods of synthesis of NPs are most used due to good yield, but the toxic nature
of the organic solvents and various organic/inorganic reducing agents limit their applications in
biomedical areas [14, 84-86, 225]. Further chemical methods of synthesis make use of expensive
stabilizing agents and other reagents. These and various other limitations of chemical methods of
synthesis forced the researchers to work for the alternative green methods of synthesis which are
eco-friendly as well as cost effective in nature [258, 260-262]. This endeavor for greener methods
of synthesis gave rise to use of biological reducing agents and capping agents obtained from plants
and animal sources. Hence, biological methods of synthesis became the focal point for synthesizing
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nanoparticles. Biological methods use plant or plant extracts, plant-derived macromolecules such
as polysaccharides, microbes, and enzymes for the synthesis of NPs [263-265].

Plants have been gaining major attention for the synthesis of Au NPs due to their wide availability
and low cost. Plants contain phytochemicals with hydroxyl, carboxy, carbonyl groups, and various
other macromolecules such as polysaccharides in natural abundance which easily reduce Au*
to Au and finally stabilize the Au NPs as well [266, 267]. Further, the plant-mediated synthesis
involves simple procedure of mixing the plant extract with HAuCl, and wait till color of the result-
ing mixture turns red/purple. Synthesis of Au NPs has been carried out by using various plants
such as Aloe vera [268], Azadirachta indica [269], Medicago sativa [270], Coriandrum sativum
[271], Lemon grass [272], Terminalia catappa [273], and Pelargonium graveolens [274]. Spherical
Au NPs of 20 nm size have been synthesized by using Croton caudatus Geisel extract. The resulting
Au NPs have been studied for antibacterial, antifungal, and anticancer activity [262]. Simarouba
glauca plant extract has been used by N. Thangamania and N. Bhuvaneshwari for synthesizing Au
NPs [275]. The size and morphology of Au NPs have been affected by varying leaf broth concen-
tration. HRTEM images reflect the Au NPs of various sizes and morphologies. However, the Au
NP size decreased with increase in the leaf broth concentration. Promising antimicrobial activity
against a variety of microbial strains was observed in the resulting Au NPs. Gold nanoparticles
were synthesized utilizing aqueous leaf extract from Mentha longifolia [260]. Characterization
involved XRD, UV-visible studies, SEM, TEM, EDX, and FTIR spectroscopy. XRD analysis revealed
the presence of pure phasic Au with high crystallinity. TEM images exhibited the formation of
spherical Au NPs with an average particle size of 36.4 nm. These Au NPs demonstrated efficacy
against human breast cancer cell lines. Najlaa S. Al-Radadi synthesized Au NPs with a particle size
of 43.17 nm using licorice root extract [261]. Gold NPs have been synthesized by using gum Arabic
obtained from plants [276-278]. Due to good water solubility and biocompatibility, chitosan which
is a second most abundant natural polymer has been used to synthesize Au NPs [218, 279]. The
resulting Au NPs have been stabilized by the amine groups as well as by steric effects.

The environmentally friendly synthesis of Au NPs using microbes has garnered significant
attention in recent years. However, bacterial-mediated synthesis of NPs has its own advantages
as well as disadvantages. The main advantage lies in the easy handling and genetic manipulation
of the bacterial systems for NP synthesis. The lack of proper control over size and shape of NPs
and inability of large-scale synthesis is the main challenge for the bacterial-mediated synthesis.
Control over size, shape, and crystallinity can be accomplished by properly understanding the
underlying molecular and genetic mechanism of the synthesis of NPs which is yet to be properly
understood. Gold NPs have been fabricated utilizing four different microbes, viz., bacteria, fungi,
actinomycetes, and yeasts. However, only a few species of bacteria are enabled to reduce metal
ions to metal atoms. These bacteria reduce metal ions extracellularly and intracellularly. For
example, Au NPs in the range of 5-25 nm have been prepared intracellularly using Bacillus subtilis
by Beveridge and Murray. These bacteria reduce Au™™ to Au atoms and finally to Au NPs inside the
cell wall. Gold NPs of different morphologies such as spherical, cubical, and hexagonal with sizes
in the range of 5-200 nm have been produced intracellularly by various sulfate-reducing bacteria
[280, 281]. Numerous reports also exist regarding the extracellular synthesis of Au NPs [282-284].
For example, the synthesis of Au NPs has been accomplished using cell-free supernatant of Para-
coccus haeundaensis BC74171T [282]. TEM micrographs and DLS revealed that the synthesized
Au NPs were sphere shaped, with an average grain size of 20.93 + 3.46 nm. The surface of Au NPs
was found to be negatively charged as revealed by the zeta potential measurements which gave a
surface potential of —4.26 mV. EDX spectrum displayed a strong peak at 2.15keV corresponding
to the elemental gold. The reaction rate enhanced with an increase in temperature as is evident
by the emergence of the SPR peak at 534 nm at the temperature 60 °C. Below 60 °C, no SPR peak
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was observed. The maximum peak intensity was recorded at 70 °C. Further, the peak intensity of
the SPR peak was enhanced with an increase in incubation time which indicated the increase in
number of Au NPs with time.

Since fungal mycelia can withstand higher pressures and agitation in bedchambers, hence they
have been advantageously used for the fabrication of Au NPs as compared to microbial systems
[285]. In recent years, a wide range of fungi has been recognized as potential candidates [286-289].
They also secrete numerous enzymes in large quantities, which act as bioreductants for the synthe-
sis of Au NPs. Further, high metal tolerance and bioaccumulation capability of fungi makes them
advantageous in Au NP synthesis as compared to bacteria and fungi. Further, large-scale synthesis
of Au NPs is possible with fungi due to easy handling of biomass, downstream processing, and the
ability to secrete large quantities of extracellular enzymes. Further, the Au NP size and morphology
are controlled by various active biomolecules involved in energy metabolism of the cells like pro-
teins such as ATPase, reducing sugars, glyceraldehyde-3-phosphate dehydrogenase, and binding
proteins like 3-glucan. Like in bacteria, Au NPs can be fabricated both intracellularly and extra-
cellularly using fungi. In intracellular synthesis, Au** ions are absorbed by the fungal cells and
subsequently reduced by the biomolecules intracellularly, which result in the fabrication of Au
NPs [290, 291]. The fungus Verticillium sp. has been utilized for the intracellular production of Au
NPs. Gold nanoparticles displaying well-defined morphology and dimensions, measuring 20 nm in
size, were detected on the cytoplasmic membrane of the fungal mycelium [292]. Ultrathin sections
of the fungal mycelium when viewed TEM illustrated the presence of Au NPs exhibiting hexagonal,
spherical, and triangular shapes on the cell wall. However, the Au NPs with quasi- hexagonal mor-
phologies were observed on the cytoplasmic membrane. Spherical Au NPs with size of less than
10 nm were synthesized when Au (III) ions were added to the Verticillium luteoalbum and incu-
bated at the pH of 3.0. However, the incubation at the higher pH of 5.0 led in the creation of Au NPs
of triangular and hexagonal morphologies [293, 294]. In some cases, extracellular synthesis of Au
NPs took place due to the significant extracellular production of bioenzymes, which acted as both
reducing agents and capping agents simultaneously [294]. Shankar et al. employed an endophytic
fungus, Colletotrichum sp., isolated from geranium plant leaves, for the rapid production of Au NPs
[295]. Similarly, Au NPs have been produced extracellularly by using the fungus Trichothecium sp.
to reduce Au (IIT) ions [296]. TEM images displayed the formation of highly polydisperse Au Nps
which have a triangular, hexagonal, and rod like morphologies with size between 5 and 200 nm. It
has been postulated that loosely bound proteins and enzymes secreted by the fungus is involved in
the synthesis of Au NPs of various morphologies [296].

Numerous reports document the synthesis of Au NPs by yeasts. For example, bakers’ yeast
(Saccharomyces cerevisiae) has been employed to synthesize Au NPs. It was reported that aldehyde
groups from the reducing sugars on the cell wall of the yeast reduce Au3* ions to Au atoms and
finally to Au NPs [55]. Gold NPs with spherical, triangular, and hexagonal morphologies with
size less than 100nm have been synthesized using Yarrowia lipolytica NCIM 3589, a tropical
marine yeast. The Au NPs were found to be distributed mainly inside the cytoplasm of the yeast.
Further, the reduction of Au* ions was observed to be pH dependent. Hexagonal and triangular
Au nanocrystals were formed when the yeast cells were incubated at pH 2.0. At higher pH of 7.0
and 9.0, smaller Au NPs of the average grain size of 15 nm were produced [56]. Gold NPs of various
morphologies have been synthesized using the yeast, Magnusiomyces ingens LH-F1. UV-Visible
studies displayed a time-evolved SPR peak at 540 nm with little on no peak shifting with time. This
unshifted SPR peak indicates the no significant agglomeration of Au NPs with time due to efficient
capping by biomolecules of the yeast. Gold NPs were synthesized by employing the cell-free extract
of M. ingens LH-F1 yeast [297]. The confirmation of Au NP formation was additionally validated
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through UV-Visible spectroscopy, where a distinct SPR band was observed at around 540 nm.
TEM images displayed the spherical and pseudospherical and anisotropic Au NPs with size less
than 28 nm. The lower concentration ((25-50 mg/L) of cell-free extract led to the formation of Au
NPs. of various morphologies such as triangular, hexagonal, and anisotropic structures. Whereas
higher concentration (100-200 mg/L) produced mostly spherical Au NPs of smaller sizes.

In short, this section discusses the limitations of chemical methods for synthesizing nanoparti-
cles (NPs), for instance, the utilization of hazardous organic solvents, expensive stabilizing agents,
and reagents. Due to these drawbacks, researchers have explored alternative “green” methods of
synthesis, particularly biological methods using reducing and capping agents derived from plants,
microbes, and enzymes.

Plants, with their abundant phytochemicals and macromolecules like polysaccharides, are
highlighted for their role in synthesizing gold nanoparticles (Au NPs). Various plants, such as A.
vera, Azadirachta indica, Medicago sativa, and others, have been utilized for the eco-friendly and
cost-effective synthesis of spherical Au NPs with different sizes. The resulting NPs have shown
activities against bacteria, fungi, and cancer cells.

Microbes, including bacteria, fungi, actinomycetes, and yeasts, are investigated for their
capacity to synthesize Au NPs. Bacterial synthesis is advantageous for easy handling and genetic
manipulation, but challenges include controlling NP size and shape. Bacteria like B. subtilis and
sulfate-reducing bacteria are discussed for their intracellular and extracellular synthesis of Au NPs.

Fungi are highlighted as potential players for Au NP biosynthesis because of their high tolerance
to metals, bioaccumulation capability, and the ability to secrete large quantities of extracellular
enzymes. Both intracellular and extracellular synthesis methods using fungi such as Verticillium
sp. and Colletotrichum sp. are discussed. Fungal mycelia’s ability to withstand higher pressures and
agitation is noted as an advantage. Yeasts, including Saccharomyces cerevisiae and Y. lipolytica, are
mentioned for their role in synthesizing Au NPs through reducing sugars on their cell walls. The
pH dependence of Au NP synthesis by Y. lipolytica is highlighted.

Overall, the section emphasizes the shift toward green synthesis methods using biological entities
for the production of Au NPs, offering eco-friendly and cost-effective alternatives to traditional
chemical approaches. The specific examples provided showcase the potential applications of these
synthesized NPs in various fields, including medicine and nanotechnology.

1.5 Synthesis and Characterization of Silver Nanoparticle

The synthesis and characterization of silver nanoparticles (AgNPs) represent a vibrant and essen-
tial area of nanotechnology research, offering numerous applications in diverse fields. Silver NPs
are particularly intriguing because of their distinctive electronic, optical, and antibacterial charac-
teristics. The process of synthesizing these nanoparticles involves reducing silver ions to nanoscale
silver structures, and various methods, like chemical, physical, and biological approaches, are
employed. Characterization techniques such as UV-Visible spectroscopy, TEM, SEM, XRD, and
FTIR are crucial for understanding the size, shape, crystallinity, and surface characteristics of the
synthesized AgNPs. The ability to precisely control the synthesis parameters and characterize the
resulting NPs is pivotal for tailoring their properties to meet specific application requirements,
ranging from medical and environmental uses to catalysis and electronics. This interdisciplinary
field continues to advance, driven by the need for efficient and sustainable nanomaterials in
various technological domains. Different methods for synthesizing silver nanoparticles can be
categorized under the following subheadings.
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1.5.1 Physical Approaches

Silver nanoparticles have been produced using physical methods such as the vaporization-
condensation method and laser ablation process [298]. The evaporation—-condensation method is
conducted within a furnace tube under constant atmospheric pressure. The material is vaporized
inside the furnace in presence of a carrier gas stream. However, this approach of synthesis of AgNPs
has certain limitations such as large space occupied by the furnace, large power consumption, and
long preheating time to achieve a stable operational temperature. However, the method has been
modified by Jung et al. [299] to synthesize AgNPs by employing a tiny ceramic heater to generate
a localized heating effect. The Ag metal source was heated on a heater, and the Ag vapors were
conveyed by the carrier gas. Due to the rapid cooling of the aerosol generator in comparison to the
conventional furnace tube furnace, the Ag vapors were transformed into Ag nanoparticles. The
geometric mean diameter of the Ag particles, as well as the particle concentration, was observed
to be directly proportional to the temperature of the heater surface and increased from 6.2 to
21.5nm. Silver NPs were fabricated by Raffi et al. [300] by inert gas condensation method. The
influence of diverse experimental parameters, including evaporation temperature and pressure of
the inert gas on the size and morphology of AgNPs, was studied. Low evaporation temperature and
inert gas pressure led to in the production of smaller AgNPs. With the evaporation temperature
of 1123 K, the size of the Ag nanoparticles rose from 9 to 24 nm with an elevation in inert gas
pressure from 0.5 to 100 Torr. Similarly, for the same inert gas pressure (e.g., 5 Torr), the particle
size increased from 14 + 2 to 20 + 2 nm. Spherical AgNPs with particle size of 50, 90, and 130 nm
have been synthesized by Harra et al. by evaporation-condensation technique [301]. Silver NPs
have been produced via laser ablation of the bulk materials. Laser ablation synthesis of AgNPs
can be traced to the year 2000 when Mafune et al. [302] synthesized AgNPs by laser ablation in
aqueous solution of dodecyl sulfate (SDS). The effect of the SDS concentration and laser power on
the average particle size of AgNPs has been studied. The average particle diameter decreased from
16.2+4.0 to 11.7 + 5.3 nm with increased in SDS concentration from 0.003 to 0.05 M, respectively.
However, the average particle diameter increased from 7.9 +3.3nm to 12.8 + 4.1 nm with rise in
the laser power from 40 to 70 mJ/pulse, respectively. Recently AgNPs have been fabricated using
Nd : YAG laser by laser ablation method [303]. PLA has been focused on 99.9% pure Ag plate in
water medium. The laser shots resulted in the production of AgNPs. The production of AgNPs
was verified through UV-Visible spectroscopy, showing an SPR peak around 450 nm. Silver NPs
have been created by Rafique et al. [304] in a single-step green method using two different lasers
in de ionized water medium. Here the effect of laser type on the size and morphology of AgNPs
has been studied. TEM images displayed the production of AgNPs with spherical shapes with
size in between 10 and 30 nm using CW diode laser, whereas pulsed Nd : YAG laser resulted in
the formation of monodispersed AgNPs with size between 4 and 14 nm. Further, the bandgap
was found to be vary inversely to the Ag NP size. The bandgap values obtained for extrapolation
of UV-Visible spectroscopy data were observed to be 2.47 eV for AgNPs synthesized by CW laser
and 2.67eV for AgNPs synthesized by pulsed laser. Although the physical methods produce
AgNPs with high yield and high purity without using environmentally hazardous chemicals and
production of toxic by-products, but the control over nanoparticle size and agglomeration is a
great challenge. Further, the physical methods use complex equipment which have high-power
consumption and requires long durations for nanoparticle synthesis.

1.5.2 Chemical Approach

Chemical methods of synthesis are found to be more convenient, efficient, and easy to handle.
Chemical methods of synthesis involve the reduction of silver salts by suitable reducing agents
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to synthesize Ag nanostructures with high productivity and at a very minimal cost. The chemical
fabrication of AgNPs involves three components, viz., silver precursor, reducing agent, and
capping agent. The size and morphology of AgNPs are governed by the dual stage, nucleation, and
growth. Even the formation of primary nuclei is regulated by different reaction parameters like
pH, precursor concentration, temperature, nature of reducing, and capping agent. [305-307]. The
reduction of silver salts can be accomplished using a variety of inorganic and organic reducing
agents which include metal complexes, block co-polymers, and biological macromolecules
[85, 86, 266, 306-313]. Silver salts get reduced by receiving electron from reducing agents with the
result Agis obtained in a zerovalent state. The Ag atoms then agglomerate and grow by undergoing
nucleation and growth to form colloidal Ag of variable sizes and shapes. The strength of the reduc-
ing agent greatly affects the size and morphology of AgNPs. For example, strong reductants like
NaBH, yield small and monodisperse AgNPs with low stability [86]. However, weak reductants
result in the production of bigger AgNPs due to slower reduction rate. Further weaker reducing
agents provide enough time to control shape and size distribution of AgNPs [314]. The most critical
aspect of Ag NP synthesis is the stabilization of the dispersive AgNPs [315, 316]. In order to achieve
stabilization of AgNPs, various capping agents have been used such as polymers like PEG, PVP,
PMMA, PMAA, biopolymers like cellulose, chitosan, and various other macromolecules like oley-
lamine gluconic acid [316-320]. Stabilization of AgNPs by stabilizing agents can be accomplished
through either electrostatic or steric repulsions. Some capping agents provide steric stabilization
to AgNPs by imparting negative charge to the NP surface such as halides, citrate, carboxylates,
and polyoxoanions. Whereas few capping agents impart positive charge to the Ag NP surface
such as branched PEI, etc. There are some macromolecules which impart steric stabilization to
Ag NP solutions such an organic polymers and alkyl ammonium cations. Such bulky groups on
the Ag NP surface undergo steric repulsion and impart stabilization to the Ag NP solution. For
instance dodecanthiol capped AgNPs have been fabricated by Oliveira et al. which exhibit good
stability in aqueous solutions [321]. Numerous reports have been documented on the synthesis of
colloidal Ag using various stabilizing agents. Luo et al. [322] investigated the impact of PEG on
the growth of Ag nanoparticles in the absence of other chemical agents. Here PEG acted both as
a reducing agent and a stabilizing agent. The chain length of the glycol significantly influenced
the formation of Ag nanoparticles. Ethylene glycol proved to be inactive in reducing Ag* ions
even at high temperatures of 80 °C. However, AgNPs were effectively synthesized by using PEG
2000 under similar experimental conditions. With increase in polymer chain length of PEG, the
rate at which Ag* ions are reduced to Ag nanoparticles increased significantly. The particle size
enhanced from 10 to 80 nm with rise in reaction temperature. Silver nanoparticles have been
fabricated using formaldehyde as a reductant and PVP as a stabilizer employing two different
organic bases, triethyl amine and pyridine [323]. Triethyl amine being the more basic in nature
resulted in the formation of AgNPs of larger sizes (20-30 nm). Whereas pyridine being less basic
in nature as compared to triethyl amine produced smaller-sized AgNPs (10-20 nm). Monodisperse
AgNPs have been produced using oleyl amine-paraffin system by Chen et al. [324]. It was reported
that Ag NP synthesis occurred in three stages, viz., growth, incubation, and Ostwald ripening.
This method used liquid paraffin as a solvent and Oleyl amine as a reductant and a capping
agent. Colloidal silver nanoparticles with stability have been successfully synthesized by utilizing
2-(dimethylamino) ethanol (DMAE) as a reductant and PVP as a stabilizer [325]. The influence of
the reducing agent and the dispersant on the particle size and morphology has been studied. Room
temperature synthesis of AgNPs was achieved by this method. The AgNPs obtained were small and
displayed uniform size distribution, with a diameter of less than 10 nm. Further, the Ag NP sample
was found to be redispersible in water with good electroconductivity. Silver nanoparticles have
also been conveniently prepared using low molecular weight compounds such as aldonic acid like
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sodium gluconate as a dispersing agent instead of high molecular weight compounds such as PVP
[326]. This method produced AgNPs with sizes less than 10 nm with good electrical conductivity.
Aldonic acid, a low molecular weight compound, demonstrated efficacy as a stabilizing agent for
the fabrication of dispersible Ag nanoparticles compared to high molecular weight compounds like
PVP [326]. Further, this dispersing agent reduced the sintering temperature (150 °C) of AgNPs as
compared to those prepared using other polymers such as PVP (200 °C). Ag nanoparticles have also
been synthesized using the polyol method. In this method, silver salt is mixed with ethylene glycol
in various rations and then heated. The stability of the AgNPs can be enhanced by using other
polymeric stabilizers such as PVP. For instance, AgNPs have been produced by Kim et al. using
polyol method [327]. Two distinct synthetic methods have been employed to produce Ag nanopar-
ticles, aiming to investigate the influence of reaction parameters on particle size and morphology.
In the first method called precursor solution method, silver nitrate was dissolved in ethylene glycol
along with PVP (Mw = 10,000). The mixture was then refluxed at the temperature of 100-150°C
with heating rate of 1-7.5 °C/minute. Once the reaction was complete, AgNPs were extracted from
the solution by centrifugation. In the second method called as injecting precursor method, first
PVP was dissolved in ethylene glycol and heated to achieve the desired reaction temperature. Next
aqueous solution of silver nitrate (40%) was injected into the hot mixture of PVP-ethylene glycol
solution maintained at reaction temperature. Later, the AgNPs were recovered by centrifugation.
Silver nanoplates and nanobelts have been prepared by refluxing suspension of silver nano seeds
of average diameter of 3.5nm [328]. The silver nano seeds were in turn synthesized by reducing
AgNO; with NaBH, in presence of sodium citrate and PVP. The Ag nano seeds exhibited as
sharp SPR peak at 400 nm. After refluxing the silver nanosuspension, four distinct SPR peaks
emerged which were located at 330, 525, 855, and 1190 nm. The emergence of these SPR peaks
reflected the transformation of Ag nano seeds into different morphologies. It was observed that Ag
nano seeds transformed into triangular nanoplates (95%) and nanobelts or nanowires (5%). The
silver nanoplates self-assembled into monolayered structures on TEM grid. The ED revealed each
nanoplate to be a single crystal and the hexagonal symmetry of the patterned spots indicated two
triangular faces of each nanoplate were bound by {111] faces. The nanowires were separated from
the nanoplates by ultracentrifugation. Such Ag nanowires were found to have a diameter of 9 nm
with wire length of 25 pm. Single crystal Ag nanocubes have been obtained by Im et al. by a typical
polyol method by reducing AgNO, with ethylene glycol (EG) in presence of PVP [329]. The change
in morphology of the twinned Ag nanocrystals was induced by addition of hydrochloric acid in
minute quantities along with nitric acid formed in situ of the reaction. At lower concentration
of nitric acid, a mixture of silver nanocubes, tetrahedrons, and nanowires were obtained after
25 hours of the reaction when 0.125 mM of HCI was used. This mixture of morphologies resulted
due to incomplete itching of Ag-twinned seeds. Monodisperse Ag nanocubes with an edge length
of 130nm were formed after 26 hours exclusively when concentration of HNO, was increased
to 0.25mM. However, a totally different morphology of Ag nanostructures comprising of Ag
nanowires and irregular particles was obtained with further increase in concentration of HCI to
0.37mM (Figure 1.9A). The Ag nanocubes synthesis was scaled up by increasing the volume of
the solutions by five times. The SEM images of the Ag NP sample obtained from the scale-up
synthesis displayed the formation of Ag nanocubes exclusively with average edge length of 125 nm
(Figure 1.9B). XRD pattern displayed the occurrence of (200) peak with abnormal intensity. The
formation of single crystal Ag nanocubes with sharp edges and corners is observed in TEM image.
The inset of the figure provides the EDS pattern of the AgNPs which also confirm the formation
of single Ag nanocrystals. The polyol method was also used by Tao et al. to synthesize polyhe-
dral Ag nanocrystals by reducing silver salt in diol solvent in presence of PVP as a stabilizer and
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Figure 1.9 (A) Scanning electron microscopy (SEM) images depict silver nanoparticles synthesized under
various concentrations of HCL, with a scale bar of 500 nm for each: (a) at 0.125 mm, (b) at 0.25 mm, and (c) at
0.375 mm. The reaction mixture consisted of AgNO; (23.5 mm) and PVP (36.7 mm, calculated in terms of the
repeating unit), and the synthesis process involved heating in an oil bath maintained at 1408C. In (d), silver
nanoparticles were produced using the same conditions as before, except that HNO; (0.25 mm) was used
instead of HCL (0.25 mm). (B) (a) Image of the reaction mixture in a scaled-up (five times larger) synthesis.
(b) Representative SEM pictures of the silver nanocubes produced in their as-synthesized state. The inset
provides a closer view of the SEM image, highlighting the well-defined sharp corners and edges of these
nanocubes. (c) XRD pattern obtained from the same batch of silver nanocubes. (d) TEM image displaying the
silver nanocubes, with the inset showing an electron diffraction pattern recorded by aiming the electron
beam perpendicularly at the (100) facet of a silver nanocube. Source: (a, b) Reproduced with permission
from Im et al. [329]/John Wiley & Sons.

shape-controlling agent [330]. A variety of Ag nanocrystal shapes have been obtained such as cubes
(80nm) and truncated cubes (120 nm), cuboctahedra (150-200 nm), octahedra (250-300 nm), and
truncated octahedra (200-250 nm), etc. (Figure 1.10A). Silver nano bars (aspect ratio; 2.7) and
nano rice have been synthesized by Wiley et al. by polyol method by varying the concentration
of bromide ions [331]. The nano bars were anisotropic with length of 146 nm and width of 56 nm.
Silver nano bars have sharp edges and corners and are single crystals bounded by (100) facets. The
edges and corners were latter rounded and transformed into single crystal nano rice by storing the
Ag nano bars in 5% aqueous solution of PVP at room temperature for one week (Figure 1.10B).
Both the types of Ag nanostructures exhibited two SPR peaks in visible and near IR regions. In
case of both Ag nanobars and nano rice, the position of longitudinal SPR peaks red-shifted with
increase in the aspect ratio, whereas not much change in position of transverse SPR was noticed
(Figure 1.10C). Silver nanocubes, Ag bi pyramids, and Ag nanowires have been synthesized by the
same group, i.e., Wiley et al. by a polyol process with PVP and Ag NO, in the molar ratio of 1.5. Silver
nanocubes, right bipyramids, and nanowires were produced by the subsequent addition of C1~, Br~,
polyethyleneimine and Fe3* ions to the PVP solution [332]. Single crystal Ag was grown into trun-
cated cubes or sharp cubes by the addition of chloride ions which depended upon the kinetics of the
reaction. Addition of NaCl as a C1~ ions source produced truncated Ag nanocubes after 26 hours
of the reaction, however, replacement of NaCl with HCI produced sharp Ag nanocubes. The 75 nm
truncated Ag nanocubes exhibited dipolar SPR at 440 nm with two small shoulders associated with
the main SPR suggested the occurrence of small amount of anisotropy. However, the 90 nm sized
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Figure 1.10 (A) By prolonging the polyol reaction for a specific duration, it is possible to achieve a high
yield of various polyhedral shapes that are enclosed by {100} and {111} facets. (a) An illustration of the
nucleation and growth process, where silver consistently accumulates on the {100} facet, eventually
forming a fully {111}-enclosed octahedron. (b-f) Scanning electron microscope (SEM) pictures showing
cubes, truncated cubes, cuboctahedra, truncated octahedra, and octahedra, in that order (scale bar: 100 nm).
Source: Adapted from Ref. [330] with permission. Copyright (2006) John Wiley & Sons. (B) (a) Scanning
electron microscope (SEM) image of silver nanobars. (b) SEM image of the same sample tilted at a 45°
angle. (c) Transmission electron microscope (TEM) image of the silver nanobars, with the inset displaying a
convergent beam electron diffraction pattern, confirming that the nanobars are single crystals enclosed by
(100) facets. (d) The visible and near-infrared (vis-NIR) extinction spectrum of the nanobars exhibits a
transverse plasmon resonance in the visible range and a longitudinal resonance in the near-infrared region.
(C) (@) SEM images of individual nanobars along with their corresponding normalized scattering spectra.
The longitudinal plasmon peak of the nanobars shifts toward longer wavelengths as the aspect ratio
increases. (b) Scattering spectra of nanobars with lengths of 100, 150, and 200 nm, while maintaining a
width of 55 nm and a height of 50 nm, calculated using discrete dipole approximation (DDA). (c) SEM
images of individual nanorice and their corresponding normalized scattering spectra. (d) A plot illustrating
the relationship between the longitudinal plasmon peak position and the aspect ratio. Both nanobars and
nanorice exhibit redshifts in their peaks as their lengths increase, but, on average, the nanobar peaks are
shifted 80 nm more towards longer wavelengths compared to nanorice. Source: (a) Reproduced with
permission from Wiley et al. [331]/John Wiley & Sons, (b, c) Reproduced with permission from Wiley et al.
[332]/American Chemical Society.

sharp Ag nanocubes exhibited a sharp dipolar SPR at 500 nm. Using NaBr in place of NaCl resulted
in the formation of single twin crystals. These single twin seeds latter grew to form right bi pyra-
mids with two different sizes of 75 and 150 nm. The most intense dipole SPR of 75 nm bipyramids
exhibited a red-shifting of 100 nm from sharp Ag nanocubes. With increase in size of Ag nano bi
pyramids, there was a shift in peak intensity from 530 to 742 nm due to enhanced charge separa-
tion and energy loss in 150 nm sized bi pyramids as compared to 75 nm sized bi pyramids. Silver
nanowires have been produced from multiple twinned Ag seeds by preventing the etching either
by running reaction under argon atmosphere or in presence of Fe (II) or Fe (III) in the molar ratio
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of Ag : Fe = 11,000. Multiple twinned Ag nano seeds produced initially by the addition of both iron
(IT) acetylacetonate (Fe(acac),) and Cl~ grew into nanorods of 20 nm diameter and 150 nm length
which latter rapidly grew into Ag nanowires of micrometer length after 60 minutes of the reaction.
UV-Visible spectrum showed the occurrence of SPR peak at 400 nm for multiple twinned dodeca-
hedral Ag nano seeds which shifted to 470 nm as the nano seeds transformed into Ag nanorods. But
as the nanorods transformed into nanowires, the extinction band broadened further, but the most
intense SPR peak blue shifted to 382 nm. Silver nano prisms have been synthesized by Metraux
and Martin by chemical reduction by employing sodium borohydride and sodium citrate as reduc-
ing agents in presence of PVP and H,0, [333]. The production of nano prisms was confirmed
spectroscopically by occurrence of in plane dipole surface plasmon band. A large red-shifting in
bands has been observed with increase NaBH, concentration. This red-shifting in the SPR bands
has been ascribed to the increase in edge lengths and tip sharpness of the Ag nano prisms. The
edge length of the nano prisms enhanced from 31+ 7 to 39 + 8 nm with rise in NaBH, concen-
tration from 0.3 to 0.8 mM. Multibranched Ag nanoflowers have been synthesized by Zaheer and
Rafiuddin employing citric acid as a reducing and shape-directing agent [334]. Cong et al. [335]
reported the formation of Y and K-shaped Ag nanostructures using a polyol method with PVP as a
capping agent.

In brief, the section discusses the synthesis and characterization of AgNPs through chemical
methods, emphasizing their convenience, efficiency, and cost-effectiveness. Chemical synthesis
involves reducing silver salts using various agents, such as metal complexes, block co-polymers, and
biological macromolecules. The size and morphology of AgNPs are controlled by nucleation and
growth stages, influenced by parameters like precursor concentration, temperature, pH, and types
of reducing and capping agents. Strong reducing agents like sodium borohydride produce small,
monodisperse AgNPs, while weak reducing agents result in larger NPs with controlled size distribu-
tion. Stabilizing agents, including polymers and biopolymers, are crucial for achieving stability, and
they impart either electrostatic or steric repulsions. The synthesis methods vary, employing chem-
icals like PEG, PVP, PMMA, and low-molecular-weight compounds such as aldonic acid or using
polyol methods. The diverse morphologies obtained include nanocubes, nanoplates, nanowires,
nanorods, nanoflowers, and nanoprisms, showcasing the versatility of chemical synthesis in tai-
loring Ag NP properties for specific applications.

The section discusses the synthesis and characterization of silver nanoparticles (AgNPs) through
chemical methods, emphasizing their convenience, efficiency, and cost-effectiveness. Chemical
synthesis involves reducing silver salts using various agents, such as metal complexes, block
co-polymers, and biological macromolecules. The size and morphology of AgNPs are controlled
by nucleation and growth stages, influenced by parameters like precursor concentration, tem-
perature, pH, and types of reducing and capping agents. Strong reducing agents like sodium
borohydride produce small, monodisperse AgNPs, while weak reducing agents result in larger
NPs with controlled size distribution. Stabilizing agents, including polymers and biopolymers,
are crucial for achieving stability, and they impart either electrostatic or steric repulsions. The
synthesis methods vary, employing chemicals like PEG, PVP, PMMA, and low-molecular-weight
compounds such as aldonic acid or using polyol methods. The diverse morphologies obtained
include nanocubes, nanoplates, nanowires, nanorods, nanoflowers, and nanoprisms, showcasing
the versatility of chemical synthesis in tailoring Ag NP properties for specific applications.

1.5.3 Photoinduced Reduction Synthesis of AgNPs

Due to the good versatility, high spatial resolution, and convenient handling, photoinduced
reduction have been employed for the synthesis of silver nanoparticles with diverse sizes and
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morphologies. This method enables the use of various mediums to synthesize AgNPs using this
approach like polymers, emulsions, glasses, and surfactant micelles. Utilizing a photoinduced
reduction method, Ag nanoparticles with a size of 8 nm were synthesized through the utilization of
micro reactor capsules composed of poly(styrene sulfonate)/poly(allylamine hydrochloride) [336].
Moreover, conversion of spherical AgNPs to triangular Ag nanocrystals with edge length of 30-12m
has been achieved by photoinduced method [337]. Dual-beam illumination was employed to
achieve shape conversion of AgNPs, utilizing citrate and poly styrene sulfonate as stabilizing agents.

In another study, monodispersed silver nanoparticles (AgNPs) with ligand coatings were rapidly
synthesized by swiftly reducing Ag* ions through a-aminoalkyl radicals. These radicals originated
from thioxanthone (TX) and its derivatives, including the 2-substituted thioxanthone series,
TX—O0—CH,—COO— (TO) and TX—S—CH,—COO— (TS), in their excited triplet state via
hydrogen abstraction toward an aliphatic amine. The reduction of Ag* ions to the Ag® state was
kinetically controlled by the substituent effect on thioxanthones. This control also led to the
tuning of the quantum yield in the reaction [338]. The application of irradiation to the solution
led to a change in the absorption spectra of the SPR in the range of 320-66 nm, which suggests
an increase in the rate of Ag NP formation. Whereas the absorption spectra of the chromophore
remained constant which indicates the regeneration process of thioxanthones. The formation of
NPs was established by TEM, which displayed a marked difference in morphologies of AgNPs by
reduction in solution of TX and those of TO and TS. Multimodal AgNPs have been obtained by TO,
whereas monodispersed AgNPs of an average size of 4.8 + 1 nm have been achieved with TS. Silver
NP aggregates have been obtained using TX with smaller-sized AgNPs seen on the periphery of
the Ag NP aggregates. All the structural variation has been corroborated with the development of
SPR bands during irradiation. Silver nanoparticles (AgNPs) were successfully synthesized through
the photoreduction of AgNO; using sodium citrate. Irradiation with a variety of light sources,
including UV, white, blue, green, cyan, and orange, was used to accomplish photoreduction. The
location and intensity of optical absorption bands changed as a result of the light source shift, and
this was attributed to changes in the AgNPs’ sizes and morphologies [339]. A simple UV photo
activation method has been employed by Ghosh et al. to fabricate stabilized AgNPs in Trition
X-100 solution [340]. The surfactant Triton X-100 not only acted as reducing and stabilizing
agents but also growth controlling agent. Through a reduction in the system’s diffusion/mass
transfer coefficient, the surfactant managed the growth of Ag NP through a diffusion-controlled
mechanism. The fabrication of AgNPs was ascribed to the autocatalytic growth mechanism.
Ligands of the salt precursors profoundly affected the photochemical reduction efficiency owing
to electron scavenging property, solubility, and stability. Synthesis of AgNPs was realized by UV
light irradiation of an alkaline solution of silver nitrate (AgNO,) and water-soluble chitosan
derivative, carboxymethylated chitosan (CMCTS) at variable pH and AgNO, concentrations [341].
CMCTS served simultaneously both reducing and a stabilizing agent for the Ag NP synthesis.
The particle size and particle density increase with increase in pH from 0.7 to 2.2. Further, the
Ag NP size and particle size distribution increased remarkably with increase in pH up to 9.6. But
solution with pH of 12.4 resulted in the creation of large-sized AgNPs with relatively limited size
distribution (2-8 nm) which led to the strongest SPR peak at pH of 12.4. Likewise, the decrease
in concentration of CMCTS from 0.5 to 0.1% caused the SPR peak’s intensity to drop with corre-
sponding red-shifting. Further decrease in concentration of CMCTS from 0.1 to 0.033% resulted in
increase in SPR peak intensity with corresponding blue shifting. Change in concentration of CMC
resulted in change in particle size of the AgNPs. Thus, it was speculated that higher concentration
of CMCTS resulted in the formation of nucleation templates by coiling of the CMCTS chains
which restrict the activity of Ag™ ions and CMCTS. Fabrication of Ag nano colloids was realized
by photo-induced reduction of gelatin-stabilized aqueous silver bromide using ascorbic acid as a
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reducing agent [342]. The effect of the molar ratios of AgBr to ascorbic acid has been studied. The
absorption peaks shifted to shorted wave lengths from 429 to 389 nm with rise in molar ratio from
1:1.5t01:9.0. This SPR absorption shift has been attributed to AgNPs’ declining size. Further, the
reaction time shortened from 90 to 5 minutes with increase in the reductant concentration. The
effect of the radiation type on the efficiency of the reaction was also studied using various radiation
sources viz., xenon flash, high-pressure mercury vapor and halogen lamps. The spectroscopic
measurements have demonstrated that photoreduction of AgBr to AgNPs was most efficient while
using radiation from the halogen lamp. Silver nanoparticles have been grown on the surface of
cellulose fibers by surface activation of cellulose fiber surface and reduction of the silver nitrate
[343]. The effect of the intensity of the UV radiation on the growth and concentration of AgNPs
was investigated. It was discovered that the AgNPs’ particle size increased from 56 to 85 nm with
increase in the UV radiation intensity from 40 to 48 mW/cm?. However, it has been perceived that
size of the AgNPs is not much influenced by the change in AgNO, concentration. UV light source
has been used to induce Ag NP formation and cross-linking of the PVP polymer from a solution
of AgNO, and PVP [344]. The emergence of an SPR signal at 420 nm indicated the formation
of AgNPs. With an increase in irradiation time, the SPR band strength increased, and its peak
somewhat shifted to longer wavelengths. When the irradiation period was prolonged from 30 to
480 minutes, the particle size went from 2.5 to 3.45 nm. Highly reflective ultrathin films of Ag NP
have been generated by on a glass slide by the photoinduced approach using silver precursor and
free radical photo generator without adding any extra reductant [345]. The resulting Ag NP film
was characterized by AFM and TEM. AFM displays the surface roughness of the films ranging
from 7 to 100 nm. The production of spherical AgNPs with a diameter ranging from 2 to 10 nm
was visible in TEM pictures. Additionally, green-reducing agents sourced from plant sources and
microbial species have been used to facilitate photoinduced green synthesis of AgNPs [346-350].

In brief, this section explores the use of photoinduced reduction methods for synthesizing silver
nanoparticles (AgNPs) with various sizes and morphologies. The versatility of this method allows
for synthesis in different mediums, including polymers, emulsions, glasses, and surfactant micelles.
Examples include the use of micro-reactor capsules, ligand-coated monodispersed AgNPs, and UV
photoactivation methods. The photoinduced approach enables the rapid reduction of Ag* ions
to Ag? state, leading to the formation of AgNPs with controlled morphologies. The influence of
various parameters such as pH, concentration, and types of stabilizing agents is discussed, show-
casing the tunability of this method for specific applications. The section also covers studies on the
efficiency of different light sources and the use of green reducing agents derived from plant and
microbial sources for environmentally friendly Ag NP synthesis.

1.5.4 Electrochemical Synthesis of Silver Nanoparticles

Electrochemical techniques have been utilized for the synthesis of silver nanoparticles (AgNPs),
achieving excellent uniformity through the careful control of electrolysis parameters and manipula-
tion of the electrolytic solution composition. In the study conducted by Johnas et al., AgNPs coated
with polyphenyl pyrrole were synthesized using the electrochemical method at the liquid-liquid
interface. N-phenyl pyrrole played a crucial role in facilitating the transfer of silver ions (Ag")
from the aqueous phase to the organic phase, followed by a gradual transfer of electrons from
the metal electrode to the Ag" ions, resulting in the formation of metal silver clusters. The con-
firmation of AgNPs formation was established through the observation of a SPR peak at 390 nm
[351]. Monodisperse silver nanoparticles (AgNPs) within the size range of 1-18 nm were success-
fully synthesized using the electrochemical reduction method both inside and outside zeolite crys-
tals. This was accomplished by using electrodes modified with ultrathin faujasite zeolite sheet
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(CZFMEs-FAU) [352]. The zeolite film prevents the AgNPs from agglomeration during electro-
chemical reduction of the silver ions. The control of AgNPs’ size was achieved by varying the
degree of ion exchange in CZFMEs. A low degree of silver exchange yielded abundant AgNPs
with a uniform diameter of 18 nm on the zeolite film surface through electrochemical reduction.
A high exchange rate, involving Na* ions replacing Ag* ions, resulted in the formation of smaller
AgNPs ranging from 1 to 2nm. Intermediate exchange rates produced AgNPs with intermediate
sizes, around 5 nm. Additionally, Ma et al. successfully synthesized spherical AgNPs with an aver-
age diameter of 20.6 nm through electrochemical reduction of Ag ions in the presence of PVP [353].
PVP has been employed to increase the rate of Ag NP formation and to reduce the rate of silver film
deposition. Low molar ratios of PVP/Ag* did not produced any absorption peak in the UV-Visible
region. As the molar ratio was increased to 50 : 1 a broad SPR absorption band could be observed
around 420 nm. However, as the molar ratio was increased from 50 : 1 to 1000 : 1, a highly symmet-
rical SPR band was noticed. The occurrence of symmetrical SPR band confirmed the fabrication of
AgNPs of small size and uniforms size distribution. The particle size was found to be influenced by
the rotational speed of the working electrode. Low rotational speeds (500 and750 rpms) produce
large-sized AgNPs with high degree of polydispersity. Smaller-sized AgNPs with narrow particle
size distribution were produced as the rotational speed was increased (1000 and 1500 rpms). The
absorption spectra exhibited a reduction in the intensity of the SPR absorption bands as the rota-
tion speed of the electrode increased. This decline in band intensity was attributed to a decrease in
particle size. The introduction of SDS into the solution led to the formation of even smaller silver
nanoparticles (AgNPs) with a narrower distribution of the particle sizes [353]. Silver nanoparticles
of approximately 20 nm in size were produced by electrochemical approach using potentiostatic
and galvanostatic methods in ethanol solution [354]. A simple electrochemical set up has been
employed by khaydarov et al. to synthesized AgNPs without the use of any stabilizing agent using
two silver plates as cathode and anode [355]. The electrochemical process involved the oxidation
dissolution of silver from the anode, resulting in the formation of Ag* ions. Subsequently, Ag* ions
migrated from the anode to the cathode, where they underwent reduction to form zerovalent Ag
atoms. These atoms then nucleated and grew to develop into silver nanoparticles (AgNPs). The
stability and dispersibility of the AgNPs were improved by incorporating PVP as a protective agent.
TEM images showed that spherical AgNPs with an average particle size of 7 nm were created, with
a size range of 2-20 nm. The electrochemical synthesis of AgNPs was accomplished through poten-
tiostatic electrolysis, utilizing an Ag anode [356]. The silver ions are reduced to the metallic silver
and deposited on the electrode. DLS data show the formation of nanosized AgNPs with particle
size between 14 and 79 nm. Electrochemical synthesis of AgNPs was also carried out using sodium
polyacrylate (NaPA) as a stabilizer [357]. Silver nanoparticles up to the size of 10 nm have been
obtained by this method. Silver nanoparticles have been obtained by electrochemical reduction
method using sacrificial Ag silver anode as a silver ions source and rhamnolipid, RL as a stabi-
lizer [358]. Investigations was conducted into the impact of temperature and stabilizer on the rate
of Ag dissolution and cathodic reductive production of Ag-RL complex ions. It was found that
the rate at which AgNPs formed increased in response to an increase in RL concentration. Also,
the rate of anodic and cathodic currents increased up to 1.5 times with increase in temperature
from 40 to 60 °C. UV-Visible spectra demonstrated an increase in optical density of the SPR peak
with peak shifting toward shorter wavelengths with increase in the number of CVA cycles. TEM
images showed the fabrication of spherical AgNPs with size in the range of 2-20 nm when the
RL concentration was within 0.5-2g/L in the temperature range of 40-60 °C. A decrease in Ag
NP size was observed with increase in RL concentration inside the solution. However, increase
in Ag NP size and particle size dispersion has been observed with increase in temperature of the
solution.
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To summarize, this section explores the utilization of electrochemical techniques to produce
silver nanoparticles (AgNPs). The electrochemical approach offers precise control over electrol-
ysis parameters and electrolytic solution composition, leading to homogeneous and controlled Ag
NP formation. Various techniques, including liquid-liquid interfaces and zeolite film-modified
electrodes, are discussed for achieving monodisperse AgNPs with controlled sizes. The role of sta-
bilizing agents such as polyphenyl pyrrole, PVP, and rhamnolipid in the electrochemical synthesis
is highlighted. The influence of factors like rotational speed and temperature on the grain size
and distribution is investigated. Additionally, comparisons between potentiostatic and galvanos-
tatic methods, as well as the impact of different stabilizers on the rate of Ag NP formation, are
discussed. The findings indicate the versatility of electrochemical methods for tailoring the size
and properties of AgNPs for various applications.

1.5.5 Microwave-Assisted Synthesis of Silver Nanoparticles

The microwave heating technique proves to be a convenient and promising approach for producing
highly crystalline silver nanostructures characterized by variable sizes and a narrow size distribu-
tion [359]. This method features shorter reaction times and reduced energy consumption, leading
to the formation of silver nanoparticles (AgNPs) with high yield and minimal agglomeration
[359]. The synthesis of silver nanoparticles has been accomplished through a microwave-assisted
approach, utilizing Cyanthillium cinereum (C. cinereum) both as a reductant and a capping agent
[360]. This method can also reduce chemical waste by using environmental friendly reaction
media [361]. The AgNPs obtained were crystalline in nature and spherical in shape with the
average particle size of 19.25 + 0.44 nm as revealed by RTEM images. The highly crystalline nature
of AgNPs was evident from SAED pattern by displaying the bright spots in ordered concentric fash-
ion. The creation of NPs at an AgNO, concentration of 1 x 107> M was indicated by the existence of
an SPR signal at 418 nm. Microwave-assisted fabrication of AgNPs has been accomplished inside
hybrid hydrogel (CGH) of carboxy methyl cellulose (CMC) and gelatine. CMC acted as a reducing
agent and stabilizing agent in the CGH. The formation of AgNPs was confirmed by the appearance
of SPR peak around 414 nm. Silver NPs were obtained at different pH and different concentrations
of CMC as reductant and silver nitrate. Stable SPR peak at 414 nm was observed at pH of 12.0 and
AgNO; concentration of 0.8 mM. TEM images revealed the production of uniform and spherical
CGH-AgNPs with the mean particle diameter of 12nm. EDX analysis displayed a spectral peak at
3keV indicating the formation of pure silver [362]. Microwave-assisted fabrication of anisotropic
AgNPs has been realized from the decomposition of silver oxalate using PVP as a reducing agent
[363]. Time evolution of SPR spectra shows the appearance of a peak at 367 nm, which exhibits
red-shifting with subsequent increase in peak intensity with time. The peak shifting occurs from
367 after 60 seconds to 422 nm after 75 seconds and then to 462 nm after 90 seconds of irradiation
(Figure 1.11A). The fabrication of spherical AgNPs after 60 seconds of irradiation was confirmed
by the HRTEM mages which show spherical AgNPs between 3 and 9 nm in size (Figure 1.11B).
After 75seconds of irradiation, HRTEM images display the fabrication of anisotropic AgNPs like
rods, triangles, and other morphologies with the dimensions of 15-45 nm diameter and 20-70 nm
length (Figure 1.11C). After 90 seconds of microwave irradiation, the formation of anisotropic
AgNPs with size between 50 and 120 nm occurred which has been ascribed to the emergence of a
broad peak around 569 nm due to longitudinal interaction. Microwave-assisted procedure has been
used to create AgNPs using starch as a reductant and a stabilizing agent. The AgNPs obtained were
pseudo-spherical in morphologies with a 12 nm average particle size [364]. Fabrication of AgNPs
was carried out by polyol process under microwave irradiation conditions using silver nitrate as
a metal salt precursor. The metal salt precursor was combined with ethylene glycol serving as a
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Figure 1.11 (A) UV-visible spectra of Ag nanoparticle colloids generated through microwave irradiation in
ethylene glycol for different durations: (a) 60 seconds, (b) 75 seconds, and (c) 90 seconds. (B) High-resolution
transmission electron microscopy (HRTEM) pictures of silver nanoparticles produced by subjecting silver
oxalate to microwave exposure in ethylene glycol for 60 seconds, shown in (a) and (b). In (c), a size
distribution histogram of these Ag nanoparticles is presented. (d) Depicts a detailed image of an Ag
nanoparticle in the center of the (b) image, showing its lattice structure. (C) High-resolution transmission
electron microscopy (HRTEM) pictures of silver nanoparticles created by exposing silver oxalate to
microwave radiation in ethylene glycol for 75 seconds. Inset in (b) displays the selected area electron
diffraction (SAED) pattern of one of the silver nanoparticles. Source: (a-c) Reproduced with permission from
Navaladian et al. [363]/I0P Publishing.

reductant and PVP functioning as a capping agent under for 15 minutes at 150° in a microwave
digestive system. The reaction yielded silver nanoparticles (AgNPs) of diverse shapes with discreet
Ag nanorods of the size of 50 nm [365]. Similarly, AgNPs were obtained by microwave irradiation
of the solution of AgNO, with sodium citrate as capping agent and formaldehyde acting as a
reductant [366]. The range particle size of AgNPs varied with the concentration of all the three
reactions components. As the concentration of silver nitrate was reduced, the particle size shrank,
and the particle size distribution narrowed. As the concentration of sodium citrate increased,
there was a corresponding decrease in the average particle size. Silver NPs of variable shapes
Ag nanorods, nanowires, cubes, triangles and triangular bi pyramids have been fabricated by
microwave polyol process utilizing ethylene glycol as a reducing agent in presence of H,[PtCl]
and PVP [367]. PVP acted as a shape-directing agent and gets adsorbed on the [100] facet resulting
in the production of Ag nanorods, nanowires, nanocubes, and triangular bipyramids. Ag nanos-
tructures were obtained without PVP, but in the presence of Cl~ ions, the yields were lower. This
indicates that chloride ions also play a role as shape directors, influencing the synthesis of Ag
nanostructures with varying shapes. TEM pictures of the supernatant revealed the fabrication of
nanorods/nanowires with length of 1 pm (yield 21%), Ag nanocubes (6%), Ag triangular bipyra-
mids (4%), Ag nanoflowers (0.5%), and spherical Ag nanoparticles of average diameter of 60 nm
(68%) (Figure 1.12A). However, a significant amount of Ag NP precipitate has been observed in the
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Figure 1.12 (A) Transmission electron microscopy images of silver nanostructures synthesized from
surfactants using (a) AGNO; (46.5 mM)/H,[PtCl,].6H,0 (115 mM)/PVP (264 mM)/EG and (b-e) AgNO,

(46.5 mM)/H,[PtCl,].6H,0 (115 mM)/EG Solutions. Illustration of selected area electron diffraction patterns
for cube and bipyramid shapes in (c-1) and (c-2). (B) Transmission electron microscopy images of silver
nanostructures derived from precipitates formed through the utilization of AgNO; (46.5 mM)/H,[PtCl,].6H,0
(115 mM)/EG solutions. (C) Mechanism of silver nanostructure formation during microwave-assisted
heating. Source: (a-c) Reproduced with permission from Tsuji et al. [367]/Oxford University Press.

absence of PVP. TEM pictures of the precipitate revealed the production of large-sized spherical
Ag particles, 1-D wires and do decahedral silver structures (Figure 1.12B). The mechanistic
steps of the growth of various Ag nanostructures are presented schematically in Figure 1.12C.
A green chemistry approach utilizing microwave radiations was employed for the synthesis of
silver nanoparticles (AgNPs). Amino acids like -lysine and r-arginine served as reducing agents,
while water-soluble starch acted as a capping agent. Starch-capped AgNPs self-assembled to form
multilayered mirror-like films on the glass surface [368]. Highly monodispersed AgNPs have been
fabricated by microwave irradiation of ethanolic solution of AgNO, using PVP as a stabilizer [369].
The confirmation of silver nanoparticles (AgNPs) formation was established through the emer-
gence of a SPR peak at 416 nm. Stable and polycrystalline AgNPs with particle size of 10 +5nm
of were obtained after 5 seconds of microwave irradiation. Sodium alginate was used as a reducer
and stabilizer in the microwave irradiation process to create silver nanoparticles [370]. The impact
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of reaction parameters, including the concentration of sodium alginate, sodium nitrate, pH, and
irradiation time, was examined. XRD studies revealed the presence of face-centered cubic silver
in pure phase. UV visible spectroscopic studies revealed the SPR peak at 417 nm and the peak
intensity increased with rise in concentration of sodium alginate from 0.1 to 0.5%. However, as
the concentration of sodium alginate increased from 0.5 to 1.5%, the peak intensity reduced and
shifted toward a longer wavelength, indicating the agglomeration of AgNPs and the creation of
large-sized particles. Using 0.5% sodium alginate, and varying the concentration of silver nitrate,
it was found that SPR peak intensity centered at 418 nm augmented with rise in concentration of
the silver nitrate which indicated the fabrication of AgNPs in higher amounts at higher sodium
nitrate concentrations. Further increase in irradiation times also resulted in an increase in SPR
peak intensity at 418 nm with slight red-shifting to 427 nm which implied the increased rate
of formation of AgNPs. At low pH, no reduction occurs as evidenced by the absence of SPR
peak, whereas a band at 270nm has been seen at pH 5 which corresponds to the presence of
Ag* clusters. An elevation in pH led to the appearance of a new peak at 418 nm, indicating
an augmented reduction rate of Ag™ ions by sodium alginate due to more and more exposed
carboxyl groups. TEM images revealed the development of fewer AgNPs at lower silver nitrate
concentrations (0.8 mm/L). Nonetheless, the density and dispersibility of AgNPs increased as the
AgNO, concentration was raised from 4 to 8 mm/L, while maintaining an average grain size of
12 nm at the higher AgNO, concentration. Average particles size also increased from 10 to 15nm
with increase in pH from 5 to 11. The average grain size of spherical AgNPs exhibited a decrease
from 20 to 10nm as the sodium alginate concentration increased from 0.1 to 0.5%. Numerous
reports have been published on the microwave-assisted fabrication of AgNPs utilizing various
reductants and stabilizers [371-376].

In brief, microwave heating methods provide a convenient and promising approach for the fab-
rication of highly crystalline AgNPs with variable sizes and narrow size distribution. This method,
renowned for its abbreviated reaction times, diminished energy consumption, and minimized
chemical waste, has been employed for the microwave-assisted synthesis of silver nanoparticles
(AgNPs). Various reducing agents and stabilizers, such as Cyanthillium cinereum, carboxy methyl
cellulose, gelatine, PVP, starch, ethylene glycol, amino acids (r-lysine and r-arginine), and sodium
alginate, have been employed to achieve controlled Ag NP formation with specific morphologies.
The microwave-assisted method proves to be versatile, offering a green and efficient synthesis
route for tailored silver nanostructures with diverse applications.

1.5.6 Bio Fabrication of Silver Nanoparticles

In recent times, eco-friendly synthetic methods utilizing reductants sourced from biological enti-
ties like microbes and plant extracts have emerged as a practical substitute for traditional chemical
synthesis routes in the creation of silver nanoparticles (AgNPs) [377-379]. The eco-friendly synthe-
sis of AgNPs has become a practical substitute for physicochemical synthesis methods, primarily
due to the elimination of toxic chemicals and solvents, as well as the nonproduction of hazardous
by-products [380, 381].

Microorganisms like bacteria and fungi have been used for remediation of the toxic metal ion
pollutants from the toxic environments [382, 383]. These microorganisms facilitate the reduction of
toxic metal ions to metal nanoparticles. Synthesis of AgNPs by microbes involve both intracellular
as well as extracellular syntheses. Intracellular synthesis involves use of intracellular components
as reducers as well as stabilizers [384].

1.5.6.1 AgNPs Synthesized Using Bacteria
Bacteria have demonstrated significant efficacy as bio-factories for the synthesis of silver nanopar-
ticles (AgNPs), occurring both intracellularly and extracellularly. Certain bacterial strains with



1.5 Synthesis and Characterization of Silver Nanoparticle

silver resistance have been found to accumulate silver on their cell wall, reaching up to 25% of
their dry weight [385]. The bacterial strain resistant to silver, specifically Pseudomonas stutzeri
AG259, was first utilized for the synthesis of silver nanoparticles (AgNPs) through the cultiva-
tion of the bacteria in a concentrated silver nitrate solution. The resultant AgNPs, averaging
200 nm in size, were noted for their accumulation inside bacterial cell wall [386]. Spherical silver
nanoparticles (AgNPs) with sizes ranging from 5 to 15 nm were produced through the utilization
of silver-resistant Bacillus species [387]. The silver nanoparticles (AgNPs) accumulated within
the periplasmic space of the bacterial cells. Furthermore, successful extracellular synthesis of
AgNPs was achieved by employing the actinomycete strain Streptomyces glaucus 71 MD [388].
TEM images unveiled the creation of spherical silver nanoparticles (AgNPs) with an average size
measuring 13 nm. Large-scale production of AgNPs has been achieved by using Proteus mirabilis
PTCC 1710. Extracellular synthesis of silver nanoparticles ranging in size from 5 to 25nm was
achieved using cultural supernatants derived from Escherichia coli ATCC 8739, B. subtilis ATCC
6633, and Streptococcus thermophilus ESh1l [389]. The rapid synthesis of silver nanoparticles
(AgNPs) has been accomplished using supernatants of Kiebsiella pneumonia, E. coli, Enterobacter
cloacae [390], and Bacillus megaterium [391]. The rapid biosynthesis of silver nanoparticles
(AgNPs) has been accomplished using the S-27 strain, Bacillus flexus family [392]. Upon adding
the cultural supernatant to the silver nitrate solution, rapid color change yellow to brown was
observed. The brown colored solution showed the SPR peak at 420 nm. AFM and FE-SEM images
displayed anisotropic AgNPs (spherical and triangular) with average size of 12 and 61 nm. Both
intracellular and extracellular syntheses of AgNPs have been achieved the bacterial strain Proteus
mirabilis PTCC 1710 [393]. The AgNPs displayed SPR peak at 400-410 nm. TEM images revealed
the generation of spherical silver nanoparticles (AgNPs) within the size range of 10-20 nm.
Extracellular biosynthesis of AgNPs has been reported by Das et al. using CS11 strain of Bacillus
sp. obtained from heavy the soil contaminated with heavy metals [394]. The silver nanoparticles
were seen after 24 hours of interaction between AgNO, and bacteria at room temperature. The
presence of silver nanoparticles (AgNPs) was spectroscopically confirmed through the appearance
of a surface plasmon resonance (SPR) peak at 450 nm. The nanoparticles exhibited a spherical
shape of the sizes of 42 and 92 nm. Silver nanoparticles (AgNPs) were synthesized using Bacillus
cereus isolated from contaminated soil [395]. Optimization of the experimental conditions was
done using central composite design. Optimized values of temperature (48.5°C), inoculum
size (8.7 mL), silver nitrate concentration (1 mM), and pH (9) were employed for fabrication of
AgNPs. The synthesis yielded the spherical silver nanoparticles (AgNPs) with a size in the range
of 5-7nm. Spherical AgNPs with diameter of 40-50 nm have been synthesized using cultural
supernatant from Lactobacillus plantarum. While numerous studies have been conducted on
the synthesis of silver nanoparticles (AgNPs) utilizing various bacteria, a notable limitation of
this approach is the relatively slow synthesis rate, and a restricted range of sizes and shapes has
been achieved.

1.5.6.2 AgNPs Synthesized Using Fungi

Good metal tolerance and bioaccumulation ability of fungi have made them a good candidate
for the biosynthesis of metal nanoparticles [396]. Also, fungi are much more convenient to han-
dle inside the laboratories and secrete enzymes as reductant in larger quantities as compared to
bacteria. These features enable fungi to produce metal nanoparticles at higher rates and in large
quantities [397]. Further simplicity in handling of fungi has made them a good eco-friendly can-
didate for the green synthesis of NPs. The extracellular synthesis of AgNPs was first reported by
Mukherjee et al. by exposing fungus verticillium to silver nitrate [398]. The Ag NP formation took
place on mycelial surface due the reduction of the Ag* ions by the carboxylate ions of the enzymes
secreted by the fungal cell. The silver atoms then underwent nucleation and growth to form AgNPs.
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Silver NPs with the size of 25 +12nm have been produced. Fast extracellular biogenesis of silver
nanoparticles (AgNPs) has been documented employing fungus Aspergillus fumigatus, and NPs
were formed within minutes of the reaction. The generated AgNPs had a spherical shape and
ranged in size from 5 to 25 nm [399]. Naqvi et al. employed the fungus Aspergillus flavus to produce
AgNPs by extracellular mycosynthesis, combining silver nitrate with the fungus’s culture filtrate.
Silver NPs in the size range of 5-30 nm have been obtained with the SPR peak around 400 nm [400].
The fungus y Fusarium solani (USM-3799) have been used by Ignle et al. for synthesizing AgNPs
by mixing the 1 mM silver nitrate with fungal cell filtrate [401]. The development of an SPR peak at
420 nm optically identified the production of AgNPs. The presence of biomolecules like proteins as
stabilizing agents on the Ag NP surface was ascertained by FTIR analysis. The formation of spher-
ical AgNPs with an average grain size of 16.23 nm in the size range of 5-35 nm was shown by the
TEM pictures. Synthesis of AgNPs has been achieved by Syed et al. by employing the thermophilic
fungus Humicola sp. [402]. The synthesis was conducted by combining the suspension of fungal
mycelia with the 100 mL of silver nitrate at the temperature of at 50 °C by maintaining the reaction
pH at 9. The fabrication of AgNPs was monitored spectroscopically by measuring the absorption
of the reaction mixture. SPR absorption peak around 415 nm has been identified. Ag NP formation
was identified by a yellow to brown color shift in the reaction mixture. TEM pictures displayed
spherical AgNPs with fcc symmetry and sizes ranging from 5 to 25nm. The presence of protein
molecules on the surface of silver nanoparticles (AgNPs), acting as stabilizing agents, has been
verified through FTIR spectroscopy. The FTIR analysis revealed two bands at around 1644 and
1523 cm™!, known as amide I and II bands. These bands are caused by the stretching vibrations
of the amide linkages at —C=0 (amide I) and —N—H (amide II). Rapid biosynthesis of AgNPs
has been accomplished by the bio reduction of 1 mM AgNO, with different concentrations of hot
water extract of basidiocarps, Pleurotus cornucopiae var. citrinopileatus. P. cornucopiae [403]. After
the reaction mixture was incubated for 72 hours, the color of the mixture changed from yellow to
yellowish brown, indicating the synthesis of AgNPs. AgNPs were identified by an SPR peak at about
450nm in UV-visible spectroscopy. The presence of polysaccharides and proteins as reducing and
capping agents has been confirmed by FTIR spectroscopically, and the FTIR spectrum of the Ag
NP sample displays various peaks at 3304, 2200, 2066, 1969, 1636, 1261, 1094, and 611 cm™!, which
represent the absorptions corresponding to stretching and bending vibrations of the various func-
tional groups of various biomolecules responsible form reduction and subsequent stabilization of
AgNPs. The generation of spherical silver nanoparticles (AgNPs) has been corroborated through
HRTEM, revealing sizes ranging between 20 and 30 nm. Silver NPs have been synthesizing by Pleu-
rotus ostreatus, a tree oyster mushroom [404]. The color of the reaction mixture changed from pale
yellow to dark brown after the mushroom aqueous extract and 1 mM silver nitrate were incubated,
confirming the production of AgNPs. TEM images revealed the creation of spherical AgNPs with an
average size of 28 nm. Numerous reports exist on the synthesis of AgNPs using various fungi, both
intra and extracellularly [405-411]. Various yeast strains have also been explored for the synthesis
of silver nanoparticles (AgNPs) with promising outcomes [397, 412, 413].

1.5.6.3 AgNPs Synthesized Using Actinomycetes, Algae, and Viruses

Like fungi biosynthesis of AgNPs has been achieved using actimycetes both intracellularly as well
as extracellularly [414-420]. Synthesis of AgNPs has been carried out by the cell wall enzymes
which reduced Ag* ions to Ag seeds which finally grow to produce using marine actinobacteria,
Streptomyces sp LK3b [415]. Silver NPs exhibited SPR peak 420nm, and XRD studies showed
intense Bragg reflections corresponding to the fcc structure of nano silver. TEM and AFM
micrographs displayed the formation of spherical silver nanoparticles (AgNPs) with an average
grain size of 5nm. The mechanistic examination disclosed the involvement of enzymes, such as
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NADH-dependent nitrate reductase, in the reduction of Ag* ions to metallic Ag via an electron
transfer mechanism. Biological synthesis of silver nanoparticles (AgNPs) has been carried out
employing Streptomyces antimycoticus L, a strain of endophytes isolated from the leaves of Mentha
longifolia L [421]. Confirmation of successful biosynthesis of silver (Ag) was ascertained through
XRD, TEM, DLS, and UV-Visible studies. Utilizing these techniques, it was verified that spherical
silver nanoparticles (AgNPs) were formed with sizes ranging from 13 to 40 nm. The stability of
AgNPs was confirmed by carrying out the optical absorption measurement using UV-Visible
spectroscopy. The UV-Visible spectrum proved the remarkable stability of silver nanoparticles
(AgNPs) as evidenced by the presence of the SPR peak at 415 nm, which remained intact for nearly
one month. Additionally, silver nanoparticles (AgNPs) were determined to possess a negative
surface charge of —19.2mV, as indicated by the zeta potential analysis. Green synthesis of AgNPs
was achieved using cultural filtrate extracts of two endosymbiotic actinomycete strains, 192ANMG
(F2) and 17ANMG (F7) isolated from Crella cyathophora, a marine sponge [422]. The colloidal
and surface stability of AgNPs was checked by DLS and zeta potential measurements. Dynamic
light scattering (DLS) demonstrated an increase in the hydrodynamic diameter of the particles
upon the addition of the cultural filtrate to the silver nitrate solution, indicating the reduction of
silver nitrate by the extract to form silver nanoparticles (AgNPs). The zeta potential measurements
of the Ag NP samples indicated values of —24.6 and —25mV for Streptomyces sp. 192ANMG (F2)
and Streptomyces sp. 17ANMG (F7), respectively. TEM measurements revealed the formation of
spherical AgNPs with average particle size of ~8.66 + 2 nm in case of Streptomyces sp. 192ANMG
(F2) and nonspherical AgNPs with average particle size of 35+2nm in case of Streptomyces
sp. 17ANMG (F7). The hexagonal structure of silver (Ag) in silver nanoparticles (AgNPs) was
revealed through SAED analysis. Numerous reports have been published on the synthesis of
AgNPs employing actinomycetes [423-427].

Certain investigations have indicated that the synthesis of silver nanoparticles (AgNPs) can be
achieved through some of the aquatic microorganisms like algae. Such aquatic microorganisms
have shown the tendency not only to accumulate Ag ions but also to synthesize the AgNPs. For
example, Ag nanoplates have been fabricated at room temperature by the extract of Chlorella
vulgaris, a unicellular green alga [428]. Initially, the algal extract, appearing as a light-yellow liquid,
underwent a color change to pinkish red upon contact with a 1 mM AgNO; solution for 12 hours
at room temperature. This color transformation was attributed to the SPR of Ag nanocrystals in the
visible region. UV-vis spectroscopy revealed three distinct plasmon bands at approximately 465,
392, and 347 nm for the synthesized Ag nanocrystals (Figure 1.13a). TEM analysis unveiled the
presence of circular, rod-like, and triangular Ag nanocrystals in the synthesized sample. Triangular
particles, along with some circular particles, displayed uniform contrast, suggesting they were
single-crystalline nanoplates (Figure 1.13b). FESEM imaging confirmed the platelike morphology,
with rod-like particles identified as Ag nanoplates standing perpendicularly on the TEM grid. The
Ag nanoplates exhibited an average diameter of 44 nm, with a standard deviation of 6 nm. The aver-
age thickness, estimated from the width of rod-like particles, was 20 + 4 nm. High-resolution TEM
images demonstrated the single crystallinity of the nanoplates, supported by electron diffraction
patterns showing a sixfold symmetry indicative of {111} faces (Figure 1.13c). The diffraction spots’
d-spacings corresponded to the {422}, {220}, and {422} planes, consistent with previous observations
on Ag or Au nanocrystals (Figure 1.13d). The synthesis mechanism was attributed to active species
in the algal extract, primarily identified as algal proteins (aP). Modifications made to algal proteins
indicated that tyrosine (Tyr) residues played a role in reducing silver ions, while carboxyl groups in
aspartic acid (Asp) and/or glutamic acid (Glu) residues contributed to the anisotropic growth of
silver nanocrystals, resulting in the formation of nanoplates. Further experiments separated the
algal proteins into low- and high-molecular-weight fractions. The high-molecular-weight fraction
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Figure 1.13 (a) UV-visible spectrum of Ag nanocrystals produced through the reduction of an aqueous Ag
ion solution using the algal extract. The inset displays a digital image of the resultant Ag colloidal solution.
(b) Representative transmission electron microscopy (TEM) image of the synthesized Ag nanocrystals, with
arrows indicating areas where flat particles have overlapped. The inset features characteristic field
emission scanning electron microscopy (FESEM) images portraying circular and triangular Ag nanocrystals
exhibiting a planar structure. (c) High-resolution TEM (HRTEM) image captured from the vertex of an
isolated Ag nanoplate. (d) Selected area electron diffraction (SAED) pattern of an Ag nanoplate, with spots
enclosed in a box, a circle, and a triangle corresponding to {220}, {422}, and 1/3{422} reflections,
respectively. () UV-visible spectra of Ag nanocrystals obtained under varied reaction conditions. Curves
1-7 were generated by adding 1 mL of 10 mM AgNO; to 9 mL of (curve 1) the low-molecular-weight
fraction of the algal extract; (curve 2) the high-molecular-weight fraction of the algal extract (aP); (curve 3)
heat-denatured aP; (curve 4) urea-denatured aP; (curve 5) NAl-modified aP; (curve 6) deacetylated
NAI-modified aP; and (curve 7) amine-modified aP, respectively. The pH of all solutions was adjusted to 7.0.
(f-j) Exemplary transmission electron microscopy (TEM) images of Ag nanocrystals prepared under
conditions described in curves 2, 3, 4, 6, and 7, respectively. The inset in (b) displays a typical field emission
scanning electron microscopy (FESEM) image of the truncated triangular plate, confirming the planar
structure. Source: Reproduced with permission from Xie et al. [428]/American Chemical Society.

(aP) demonstrated significant absorption in the UV-vis spectrum, indicative of Ag nanoplate
formation (Figure 1.13e). TEM analysis of Ag nanocrystals formed in the aP solution revealed
mainly truncated triangular plates (Figure 1.13f-j). Heat-denatured and urea-denatured aP
solutions exhibited similar UV-vis spectra and TEM images, suggesting that protein conformation
did not significantly affect Ag nanoplate formation. The red- or blue-shifting of SPR peaks in
denatured protein solutions correlated with the size of the formed nanoplates, indicating a direct
relationship between protein conformation and nanoplate dimensions. The research findings led
to the conclusion that algal proteins, particularly those containing tyrosine (Tyr) and carboxyl
groups, played a vital role in both the reduction of silver ions (Ag ions) and the regulated growth
of silver nanoplates. The mechanism involved a specific interaction between protein molecules
and Ag ions, resulting in anisotropic growth and the fabrication of planar Ag nanostructures.
The work opens avenues for understanding the active amino acid residues in protein molecules
accountable for Ag ion reduction and nanoplate growth.
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As the silver nitrate solution was brought in contact with algal extract, pinkish red colloidal
suspension was obtained due to the SPR phenomenon exhibited by the A marine alga, Caulerpa
racemose have been employed by Kathriaven et al. for the synthesis of AgNPs [429]. XRD studies
revealed the fabrication of pure and crystalline face-centered cubic silver. The morphology of sil-
ver nanoparticles was observed to be both spherical and triangular, and the average particle size
was determined to be 10 nm. Similarly, Sargassum wightii, a marine algae, has been discovered to
extracellularly produce silver nanoparticles (AgNPs) [430]. Various other reports are there for the
fabrication of AgNPs by various algal species [431-438].

In summary, this section delves into the potential of various microorganisms, including bacteria,
fungi, actinomycetes, algae, and even viruses, to serve as efficient bio-factories for the environ-
mentally friendly synthesis of silver nanoparticles (AgNPs). Bacteria, such as Pseudomonas stutzeri
and Proteus mirabilis, demonstrate both intracellular and extracellular synthesis capabilities,
producing AgNPs with varying sizes and distributions. Fungi, like Verticillium, Aspergillus, and
Fusarium solani, exhibit metal tolerance and bioaccumulation abilities, offering a convenient and
eco-friendly approach for Ag NP synthesis. Actinomycetes, algae, and even viruses also contribute
to the green synthesis, providing a diverse range of potential biofabrication sources for tailored
silver nanostructures. The section emphasizes the advantages of these biological methods, such as
higher synthesis rates, large-scale production, and eco-friendly processes.

1.5.6.4 Mechanisms of the Fungal-Mediated Synthesis of AgNPs

Components present in the cell wall, such as proteins, enzymes, and other biomolecules, have been
identified to play a crucial role in the synthesis of silver nanoparticles (AgNPs). These biomolecules
facilitate the reduction of Ag* ions into Ag atoms, initiating nucleation and subsequent growth to
fabricate silver nanoparticles (AgNPs). The AgNPs formed are then stabilized by proteins, peptides,
and other biomolecular components. A number of reports have discussed the mechanistic details
of the fungal-mediated synthesis of AgNPs. As an illustration, Duran et al. have connected cell
wall polymers and other biomolecules like quinones, anthraquinones, and naphthoquinones to
the production of silver nanoparticles (AgNPs) using Fusarium oxysporum. These biomolecules
have been demonstrated to function as electron shuttles, transferring electrons to Ag* ions and
reducing them to Ag atoms [439]. Mukherjee et al. have put forward a reasonable mechanistic
detail for the synthesis of silver nanoparticles (AgNPs) by Trichoderma asperellum analyzing the
FTIR spectroscopic peaks of the AgNPs and fungal cell-free extrate. As per the findings, it has
been suggested that fungal extract contain protein molecules containing S-H bonds like cysteine,
which plays a pivotal role for the reduction of silver ions. Cysteine has been found to undergo
dehydrogenation and de-electronation in presence of Ag™ ions which itself get reduced to Ag
ions [440]. However, difference in the mechanistic details has been reported by several groups
for extracellular and intracellular synthesis of AgNPs. In the process of extracellular synthesis,
proteins, and enzymes released by fungal cells have been documented to play a pivotal role in
the reduction of Ag* ions to Ag atoms, ultimately leading to the formation of silver nanoparticles
(AgNPs) [441]. Whereas, in intracellular synthesis, synthesis of AgNPs occurs inside the cytoplasm
and vesicles of the fungal cell which are then expelled out of the fungal cell by exocytosis [442].

1.5.7 Plant-Mediated Synthesis of Silver Nanoparticles

The realm of nanotechnology has experienced a significant shift in nanoparticle synthesis, with
an increasing focus on green and sustainable methods. Notably, the plant-mediated fabrication
of AgNPs emerges as an environmentally friendly and biocompatible approach. Plants, equipped
with numerous bioactive compounds, serve as potent reservoirs for both reducing and stabilizing
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agents in the metallic nanoparticle synthesis. This section delves into the captivating domain of
plant-mediated synthesis, investigating the underlying mechanisms, benefits, and the varied appli-
cations of AgNPs generated through this eco-friendly chemistry approach. The green synthesis of
AgNPs using whole plant or plan components is discussed below.

Plant extracts or various parts of plants have been employed in the synthesis of silver nanopar-
ticles (AgNPs). The synthesis process involves utilizing plant extracts, serving the dual function
of both reducing and stabilizing agents. Various plant species ranging from angiosperms to algae
have been used for this purpose [443-447]. The first article on the synthesis of AgNPs has been
documented by Gardea-Torresdey et al. using sprouts of Alfa alfa plant [448]. The roots of the plant
absorbed Ag from the agar medium and transported to shoots where silver atoms agglomerated to
form silver nanostructures. The AgNPs were arranged in one-dimensional array with size ranging
from 2 to 20 nm. The fabrication of silver nanoparticles (AgNPs) has been effectively accomplished
using Geranium (P. graveolens) leaf extract [449]. Upon adding the extract to aqueous AgNO; solu-
tion, spherical and crystalline AgNPs have been produced, with an average particle size between
16 and 40 nm. Silver nanoparticles were synthesized using Capsicum annuum L. extract [450]. The
effect of reaction time and AgNO; concentration on the Ag NP size and morphology has been
investigated. The silver nanoparticles (AgNPs) exhibited a spherical morphology, with the parti-
cle size increasing from 10+2nm at 5hours to 25+ 3nm at 9 hours and further to 40 + 5nm at
13 hours [450]. Silver NPs were synthesized using Apiin extract obtained from henna plant [451].
In just two minutes of combining Apiin extract with silver nitrate, there was a noticeable increase
in the intensity of the SPR peak, which was observed at 456 nm. TEM images reveal the devel-
opment of quasi-spherical silver nanoparticles (AgNPs) with an average particle size of 39 nm.
Silver nanoparticles (AgNPs) with a quasi-spherical morphology and a size range of 10-30 nm
were effectively synthesized by employing the aqueous leaf extract of the Chenopodium album
plant [452]. Silver NPs have been synthesized using the leaf extract of Aesculus hippocastanum
plant [453]. The nanoparticles (NPs) exhibited a spherical shape with a size of 50 + 5 nm. Further-
more, these NPs were characterized by a negative zeta potential value of —29.1 mV. Block and Rod
like Ag nanostructures have been synthesized with sizes of 40, 50, and 57 nm have been synthe-
sized by Vinodhini et al. by employing the leaf extracts of Tabernaemontana divaricate, Basella
alba, and Allium fistulosum, respectively [454]. The obtained silver nanoparticles (AgNPs) demon-
strated remarkable antimicrobial, antidiabetic, and antioxidant activities. Numerous studies have
been published on the green synthesis of AgNPs utilizing plant leaf extracts, resulting in various
sizes and shapes [455-464].

Ethanolic extracts of some medicinal plants have been used for synthesizing AgNPs [465]. The
morphological attributes of silver nanoparticles (AgNPs) were assessed using TEM, DLS, and
AFM. The AFM images displayed the development of spherical silver nanoparticles (AgNPs)
with smooth surfaces. DLS studies revealed the mean diameter of AgNPs as 90.87nm and
PDI = 0.119 (Gelsemium sempervirens), 112.2nm and PDI = 0.131 (Thuja occidentalis), 111.3 nm
and PDI = 0.221 (Phytolacca decandra), and 122.8 nm and PDI = 0.281 (Hydrastis canadensis).
The zeta potential values of —15.6, —16.8, —18.2, and —18.9 mV have been reported. Fruit extract
of Malus domestica has been used by Roy et al. for synthesizing AgNPs of average diameter of
20nm [466]. Rhizome extract of Acorus calamus has been exploited for the synthesis of spherical
AgNPs with average diameter of 31.86 nm. Velmurugan et al. employed peanut shell extract for
the production of silver nanoparticles (AgNPs) that exhibited spherical and oval shapes, with a
size range between 10 and 50 nm. Nyctanthes arbortristis flower extract (ethanol) has been utilized
to synthesize spherical and oval AgNPs that range in size from 5 to 20 nm. The extract’s reducing
capability was confirmed by the emergence of a brown color in the reaction mixture, along with
the detection of the SPR peak at 440nm [467]. The existence of lattice fringes observed in the
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HRTEM images indicated the crystalline nature of the synthesized silver nanoparticles (AgNPs).
Furthermore, the protective capping effect of phytochemicals present in the ethanolic extract was
confirmed by the appearance of absorption peaks in the infrared (IR) spectrum of the Ag NP sam-
ple at 3430cm~! (-OH)), 2917 cm™}, and 2848 cm~! (alkanes), 1696 cm~! (carbonyl), 1435cm™!
(geminal methyl), and 1044 cm™! (aliphatic amines). However, the FTIR spectrum of the extract
only displays the characteristic IR bands of hydroxyl (3220-3250 cm), alkanes (715, 2895, and
2960 cm™!), C=C of benzene (1627 cm™!), aromatic amines (1374 cm™!) and aliphatic amine (1040
and 1053 cm™!). The existence of biomolecules on the surface of silver nanoparticles (AgNPs) was
validated through thermogravimetric analysis/differential thermal analysis (TGA/DTA) analysis
of the Ag NP sample which revealed the significant weight loss of about 70% corresponding to the
degradation of bioactive compounds from the NP surfaces at high temperatures. Bark extract of
Butea monosperma has been used to fabricate AgNPs [468]. Upon mixing the extract with aqueous
AgNO; the mixture turned reddish brown in color which demonstrated the fabrication of AgNPs.
The brown colored solution also displayed SPR at 424 nm. TEM images revealed the presence
of spherical silver nanoparticles (AgNPs) with an average size of 35nm. High crystallinity of
AgNPs was evident from the occurrence of lattice fringes in HRTEM images. The phase purity of
AgNPs was ascertained by EDX-X-ray analysis which displayed a sharp absorption peak at 3keV
corresponding to pure Ag. The IR peak at 1758 cm™! corresponding to C=0 absorption was found
to be present in IR spectrum of the bark extract but absent in the Ag NP sample. Thus, it has been
attributed that carboxylic acid group plays a pivotal role in the conversion of Ag* to Ag®. The rapid
one-step synthesis of silver nanoparticles (AgNPs) was accomplished by reducing AgNO, with the
hot water extract obtained from Citrus sinensis (sweet orange) peels [469]. The color of the reaction
mixture turned from yellow to brown with SPR peak observed a round 420 nm. The intensity
of the SPR peak increased with temperature and at maximum intensity was reported at 40 °C.
Further increase in temperature up to 60 °C resulted in decrease in intensity of the SPR band.
Further pH changes were also found to affect the intensity of SPR peaks. Low pH ranges (pH 3-5)
of the reaction medium resulted in low-intensity SPR peaks which indicated the acidic medium
hinders the formation of AgNPs. The absorption intensity of SPR peak increased with increase in
pH till pH 9 at which maximum intensity has been reported [469]. SPR intensity decreased with
further increase in pH above 9. Tea extract (Camellia sinensis) resulted in rapid synthesis of AgNPs
in a short time of one minute [470]. Particle shape was found to be spherical in AFM images with
particle size of 3.9 + 1.6 nm. The TGA of the pure green extract and AgNPs was carried out between
25°C and 900 °C under nitrogen atmosphere. The TGA plots of the produced silver nanoparticles
(AgNPs) displayed weight losses, with the initial loss (3.4-4.9%) observed at 130 °C, corresponding
to the removal of adsorbed water molecules from the surfaces of the AgNPs. The subsequent
weight loss (11.4-16.9%) detected in the temperature range of 130-150 °C was attributed to the
thermal degradation of adsorbed phytochemicals from the surfaces of the silver nanoparticles
(AgNPs). The weight loss (~8.9-10%) observed at 900 °C was a result of the thermal destruction
of resistant aromatic compounds present in the green tea extract, which became adsorbed on
the surfaces of the silver nanoparticles (AgNPs). Numerous reports have been published for the
fabrication of AgNPs using various plant parts [471-477]. Besides the plant extracts, Pant-based
polymers have been used to synthesize AgNPs and their derivatives like starch, polysaccharide,
guargum, cellulose, hemicellulose p-glucuronic acid, arabinoxylan, and lignin [266, 478-485].

To summarize, the section discusses the transformative shift in nanotechnology toward green
and sustainable approaches, focusing on the plant-mediated synthesis of silver nanoparticles
(AgNPs). Harnessing the diverse bioactive compounds present in plants, this environmentally
friendly method explores the mechanisms, advantages, and versatile applications of AgNPs. The
synthesis of AgNPs employing plant extracts as both reducing and stabilizing agents is explored,
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encompassing a wide array of plant species ranging from angiosperms to algae. Key examples
include the use of Alfalfa sprouts, Geranium leaves, Capsicum annuum L., and various other
plants, each resulting in unique nanoparticle characteristics. The section highlights the role of dif-
ferent plant parts, such as leaves, fruits, rhizomes, and even bark, in Ag NP synthesis. Noteworthy
examples include the use of Malus domestica fruit extract, Acorus calamus rhizome extract, and
Butea monosperma bark extract. The diverse sources contribute to the broad spectrum of sizes
and shapes of AgNPs, expanding the possibilities for applications. Additionally, the utilization
of ethanolic extracts from medicinal plants showcases the synthesis of AgNPs with specific
morphological features. The use of extracts from G. sempervirens, T. occidentalis, P. decandra,
and H. canadensis results in well-defined spherical AgNPs with smooth surfaces. Furthermore,
the section explores the rapid synthesis of AgNPs using hot water extracts, such as those from
Citrus sinensis peels and Camellia sinensis tea. The impact of factors such as temperature and
pH on the synthesis process is discussed, emphasizing the one-minute synthesis achieved with
tea extract. The synthesis of AgNPs is not limited to plant extracts alone, as the section notes
the successful use of plant-based polymers and derivatives like starch, polysaccharide, guargum,
cellulose, hemicellulose p-glucuronic acid, arabinoxylan, and lignin. These materials contribute
to the diverse and eco-friendly arsenal of methods for producing silver nanoparticles.

In brief, the plant-mediated fabrication of AgNPs emerges as a promising avenue, demonstrat-
ing not only the feasibility of green and sustainable practices but also providing a rich variety of
nanoparticle characteristics for a multitude of applications across different fields.

1.6 Synthesis of Magnetic Nanoparticles

The fabrication of MNPs with diverse characteristics has garnered significant attention, leading
to the exploration of various synthesis methods [486-493]. This section will discuss the different
approaches employed to generate shaped, controlled, and stable MNPs with various dimensions
and morphologies. Among the numerous techniques, the co-precipitation method stands out as the
most widely adopted for MNP synthesis. This method has proven effective in producing MNPs with
controlled morphologies and magnetic properties. The co-precipitation process involves adding
a base to an aqueous salt solution under an inert atmosphere, either at room temperature or at
elevated synthesis temperatures [494]. The ensuing steps in the co-precipitation synthesis of MNPs
are outlined below.

Fe* + 2Fe** + 80H™ — Fe(OH),
+2Fe(OH), — Fe,0, + 4 H,0

In this approach, the size and shape of MNPs are influenced by several factors, including the
type of metal salts employed, such as sulfates, chlorides, nitrates, perchlorates, the ratio of ferrous
to ferric ions, reaction media temperature, pH, ionic strength, stirring rate of the reaction mixture,
and the rate of dropwise base addition [495-497]. As an example, the fabrication of Fe,O, NPs
involved the hydrolysis of ferrous and ferric salts (sulfates and chlorides) with varying molar ratios,
utilizing 1,6 hexane diamine as a base [498]. The choice of ferrous to ferric salts ratio was identified
as a critical factor influencing the mechanism of Fe;0, formation. Specifically, the use of ferrous
salts alone led to the production of larger-sized MNPs, while employing both ferrous and ferric
salts resulted in finer-sized MNPs. Moreover, the mean particle diameter increased from 9 to 37 nm
with an elevated molar ratio of ferrous ions concerning the total iron ions in solution. The observed
variation in particle size was attributed to distinct reaction mechanisms associated with metal salts
of different valences [499, 500]. For instance, the formation of MNPs using ferrous ions alone occurs
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through the dehydration reaction of ferrous hydroxide and ferric oxyhydroxide [499, 500]. Fe,0,
synthesis was also achieved via a co-precipitation reaction of ferrous and ferric chlorides without
the use of surfactants [501]. The resulting magnetite nanoparticles exhibited an average diameter of
10 nm with a limited size distribution. Subsequently, these magnetite nanoparticles were converted
into y-Fe;0, through direct aerial oxidation.

The microemulsion method has been utilized for the fabrication of MNPs, presenting advantages
over alternative techniques by allowing superior control over particle size and morphology. Particle
size and shape are also influenced by the type and structure of the surfactant utilized. Pilant
et al. utilized microemulsions with ferrous dodecyl sulfate and a micellar solution to synthesize
nanoscale MNPs, adjusting the concentration and temperature (25-50 °C) to control particle size.
MNPs with an average particle size in the range of 3.7-11.6 nm were achieved, with saturation
magnetization decreasing as particle size increased due to nonlinear structure changes at the inter-
face [502]. Lopez et al. utilized the microemulsion method with Brij-97 surfactant to synthesize
magnetic iron oxide nanoparticles (MIONPs) with a size range of 2-8 nm [503]. Results indicate
that the microemulsion method, employing inverse micelles, facilitates the formation of water nan-
odroplets within an organic compound, functioning as nanoreactors to regulate particle size. These
nanodroplets are surrounded by a surfactant coat that manages their size and separates them from
the organic compound. By using a nonionic surfactant (Brij-97) and cyclohexane as the organic
phase, microemulsions are created in the cyclohexane/Brij-97/water ternary system at low water
concentrations across a broad range of Brij-97 concentrations. The synthesis process involves blend-
ing two microemulsions, M(I) and M(II), at 65 °C. M(I) consists of cyclohexane/Brij-97/aqueous
iron salt solution, while M(II) is similar but lacks salts in the aqueous solution and contains a 20%
larger volume of cyclohexylamine. An acidic medium is used to prevent Fe?* oxidation, and an
alkaline medium is employed for iron salt precipitation. After aging and cooling, the resulting pre-
cipitate is washed and dried, yielding different samples (A, B, C, D, E), each associated with varying
xvalues in the microemulsions. X-ray diffraction patterns reveal a gradual broadening of peaks from
sample A to E, indicating a reduction in particle size. The diffractograms are in line with y-Fe,O,.
TEM micrographs display particle aggregates with a noticeable size reduction from sample A to E.
Magnetic measurements demonstrate alterations in the zero-field-cooled (ZFC) and field-cooled
(FC) data, suggesting variations in the average blocking temperature ((TB)) and broadening of the
size distribution with increasing particle size. Magnetization versus field curves at room temper-
ature show a decline in maximum magnetization values from A to E, aligning with the observed
reduction in magnetic particle volumes from TEM and X-ray fits. The use of stable microemulsions
at elevated temperatures is revealed as an advancement in the synthesis of IONPs compared to the
conventional room temperature microemulsion approach. The study emphasizes the capability to
regulate the final particle size through simple adjustments in the synthesis procedure.

Magnetic iron oxide NPs were synthesized in bicontinuous microemulsions composed of dode-
cyltrimethylammonium bromide and didodecyldimethylammonium bromide (3,2 weight ratio)
[487]. The results indicate that, consistent with a prior study, a system composed of DTAB/DDAB
(3/2, w/w) mixture, MMA as the oleic phase, and an aqueous solution of FeCl;-6H,0 and
FeCl,-4H,0 in a 3/2 molar ratio at an overall concentration of 0.75M can form a microemulsion
region at 80 °C. This region suggests a transition from reverse microemulsions to bicontinuous
microemulsions as the system moves from the MMA-(DTAB/DDAB) side to the central zone of
the diagram. Electrical conductivity measurements indicate a transition from low conductivity
(up to ~15% aqueous solution) corresponding to reverse microemulsions to higher conductivities
(from ~20wt% aqueous solution) associated with bicontinuous microemulsions. The transition
region from reverse to bicontinuous microemulsions is estimated to occur between 15 and 20 wt%
aqueous solutions. Selected microemulsion compositions were used for precipitation reactions,
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resulting in black powder products, indicative of magnetite formation. The yield of these reactions,
calculated as 1.4-1.6 g of dried solids per 100g of the total mixture, significantly exceeds the
theoretical yield calculated from reported reverse microemulsion recipes. STEM micrographs
reveal small-diameter particles (6.9-7.9nm) with a relatively narrow size distribution when
precipitation reactions are conducted in bicontinuous microemulsions. The diameters of these
particles align with the channels in bicontinuous microemulsions, acting as nanoreactors to limit
particle growth. Increasing surfactant concentration correlates with a reduction in particle size.
X-ray diffraction patterns indicate the presence of magnetite or a mixture of magnetite-maghemite
in the particles. Room temperature magnetization curves exhibit superparamagnetic behavior,
consistent with essentially single domains in magnetic particles below 10 nm. The magnetization
values decrease slightly with decreasing surfactant concentration, revealing a direct relationship
between magnetization and particle size. Overall, the study demonstrates the advantage of
bicontinuous over reverse microemulsions in terms of yield and control over particle size during
the synthesis of MNPs. The magnetization behavior is consistent with previous findings and
supports the notion that crystallinity influences the magnetic properties of the nanoparticles.
Microemulsions composed of CTAB surfactant were employed for the synthesis of MIONPs
[504]. The size and morphology of ME-MIONSs were characterized using TEM, highlighting their
nearly spherical shape and a size range of 7-10 nm. Some agglomeration was observed, likely
owing to the high surface energy of the nanoparticles. The oxidation of iron oxide is found to
depend strongly on experimental factors such as temperature, reaction environment, and surface
conditions. XRD results indicate that the obtained particles are likely composed of magnetite
(Fe;0,), maghemite (y-Fe,0,), or a combination of both, reflecting variations in crystal structure
based on different experimental conditions. TEM-derived particle size values align with those
obtained from XRD analysis, confirming the consistency of the results. The XRD patterns of ME
1-MION and ME 2-MION appear quite similar after calcination at 450 °C, suggesting a common
spinel crystal structure. However, differences emerge after drying at 70 °C, making it challenging
to definitively determine whether the nanoparticles consist of magnetite or maghemite. The broad
diffraction peaks indicate a very small original particle size, in line with similar findings reported
in the literature. The particle size, as determined from XRD analysis of samples dried at 70 °C,
is measured at 9.2nm for ME 1-MION and 7.8 nm for ME 2-MION. These findings highlight the
influence of drying conditions on the ultimate particle size and crystalline structure of ME-MIONS.
Lakshman et al. also utilized a CTAB-based microemulsion to synthesize MIONs with sizes
of 7-10nm and a resulting surface area of 142 m? g~! [505]. Vidal et al. synthesized maghemite
NPs through a one-pot microemulsion route using oleyl amine as a precipitating agent [506].
DLS measurements were conducted to investigate the size of microemulsion nanodroplets. The
results indicate that stable microemulsions are formed above 50 °C, with instability issues arising
below this temperature due to nanodroplet coalescence. The nanodroplet size increases as the
temperature decreases, attributed to better hydration of the surfactant’s hydrophilic part, leading
to phase inversion. TEM and DLS were employed to examine the size distribution of particles
obtained with oleylamine. The nanoparticles exhibited a size range of 8.2+ 0.6 and 7.8 +0.5nm
for oleylamine-coated and oleic acid-coated nanoparticles, respectively. Upon washing and
redispersion in heptane, the average sizes increased to 10.6 +0.7 and 9.6 + 0.7 nm for oleylamine
and oleic acid-coated particles, respectively. TEM micrographs of washed particles synthesized
with cyclohexylamine revealed irregularly shaped particles with a broad size distribution,
prone to aggregation. XRD patterns indicated that uncoated particles correspond to crystalline
maghemite, and coated particles exhibited similar core structures. FTIR spectroscopy ascertained
the presence of oleic acid and oleylamine on coated particles. Low wavenumber regions in
mid-infrared (MIR) and far-infrared (FIR) spectra suggested absorption bands consistent with
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maghemite nanoparticles. Thermogravimetric analysis (TGA) revealed mass losses for water,
organic shell, and solvent residues. Coated particles showed similar mass-loss profiles, with oleic
acid-coated particles having 4.2% and 45.0% mass loss for water and the organic shell, respectively.
Oleylamine-coated particles displayed 4.4% mass loss for water and 45.4% for the organic shell.
Magnetization studies indicated that size reduction and surfactant adsorption contributed to the
reduction in magnetization. Oleylamine-coated particles exhibited a slightly lower magnetization
than oleic acid-coated particles, suggesting differences in charge donation at the particle surface.
Overall, the study provides detailed insights into the synthesis and characterization of magnetic
IONPs, considering various surfactants and solvents, offering valuable information for potential
applications. Numerous reports are available on the microemulsion synthesis of MNPs and their
alloys [507-512].

The polyol process was utilized to produce MNPs. In this procedure, the liquid polyol served as
the solvent for the metallic precursor, acting as both the reducing agent and, in certain instances,
a complexing agent for metallic cations. The metal precursor’s solubility in the polyol could vary.
The solution underwent stirring and heating to a specific temperature, reaching the polyol’s boiling
point for less reducible metals. For metals with low reducibility, precise control of precipitation
kinetics resulted in nonagglomerated metal particles with well-defined shapes and sizes. Improved
regulation of the average size of metal particles was attained by incorporating foreign particles
through seeding the reactive medium (heterogeneous nucleation). This separation of nucleation
and growth steps led to the formation of uniform particles. A one-spot polyol process, as employed
by Abbas et al., was utilized for synthesizing high magnetization magnetite nanoparticles [513].
The size of MNPs varied with changes in reaction parameters like temperature, time, and the ratio
of polyol to metal precursor, yielding sizes of 32.3 and 9.2 nm. Exceptionally high magnetization
values of 85.87 emu/g at 300K and 91.7 emu/g at 5K, with low coercivity, were observed. Super-
paramagnetic iron oxide MNPs were synthesized through a polyol process involving stepwise
phase transformation using sodium acetate as a hydrolyzing agent [514]. The iron salt precursor
underwent a sol-gel process, transforming into amorphous ferrihydrite, which, upon heating,
transitioned to crystalline FeO(OH) with lepidocrocite (y-FeO(OH)) phase, further reduced to
Fe,0,. Varying the concentration of sodium acetate influenced the crystallinity and cluster size
of iron oxide NPs. The cluster size increased from 143 to 338 nm with a rise in sodium acetate
concentration from 0.9 to 1.8 mol% and then decreased with further increases (3.6%, 7%, and
10%) (Figure 1.14A). Particle size also varied with changes in the molar ratios of FeCl, and H,O,
decreasing from 104 to 11 nm with a drop in the molar ratio from 0.10 : 5 to 0.02 : 5. A rise in the
molar ratio to 0.20 : 5 resulted in a particle size of 98 nm (Figure 1.14B). XRD studies indicated a
decrease in diffraction peak intensity with decreasing molar ratios of FeCl, and H,O. XRD investi-
gations revealed a reduction in the intensity of diffraction peaks as the molar ratio of FeCl, to H,O
decreased from 0.10 : 5 to 0.02 : 5 (Figure 1.14C). This reduction in peak intensity corresponded to
a decrease in crystallinity associated with the diminishing particle size of Fe;O, NPs. Iacovita et al.
employed a high-temperature polyol process for the fabrication of IOMNPs [515]. This synthesis
was conducted under elevated temperature and pressure, resulting in ferromagnetic IOMNPs
with a remarkable saturation magnetization of 83 emu/g at room temperature. The polyol method
has been widely utilized for synthesizing MNPs with diverse compositions [516-522]. In addition
to the discussed methods, MNPs have been produced through various other techniques, such as
sonochemical [523-529], sol gel [530-532] and solvothermal method [533-537].

In short, this section discusses the production of MNPs and various synthesis methods to achieve
controlled characteristics. The co-precipitation method is highlighted as widely adopted, involving
the addition of a base to an aqueous salt solution under an inert atmosphere. Factors influenc-
ing the size and shape of MNPs include metal salts, their ratios, reaction media temperature, pH,
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Figure 1.14 (A) Displays scanning electron microscopy (SEM) visuals of the Fe;O, nanoparticles created
using varying concentrations of NaOAc. In (B), transmission electron microscopy (TEM) images exhibit the
Fe,O, particles synthesized in accordance with different molar ratios of FeCl; and H,0: (a) 0.02 : 5,

(b) 0.03:5,(c) 0.07 :5,(d) 0.10 : 5, (e) 0.20 : 5. Furthermore, (C) showcases the X-ray diffraction patterns of
the synthesized Fe;0, nanoparticles with distinct molar ratios of FeCl; and H,0. Source: (a-c) Reproduced
with permission from Oh et al. [514]/Elsevier.

ionic strength, stirring rate, and base addition rate. The microemulsion method is explored for
MNP synthesis, offering advantages in size and morphology control. Different surfactants lead
to varied results, and stable microemulsions at elevated temperatures are deemed advantageous.
Bicontinuous microemulsions are presented as superior in yield and particle size control compared
to reverse microemulsions. The polyol process is employed, utilizing liquid polyol as a solvent and
reducing agent for metallic precursors. Precise control over parameters yields uniform particles.
The one-spot polyol process produces high-magnetization magnetite nanoparticles, while step-
wise phase transformation using sodium acetate results in superparamagnetic iron oxide MNPs
with varying cluster and particle sizes. The high-temperature polyol process is utilized for ferro-
magnetic iron oxide MNPs with significant saturation magnetization. The section concludes by
mentioning other synthesis techniques, such as sonochemical, sol-gel, and solvothermal methods,
highlighting the diverse approaches to MNP production.

1.7 Synthesis of Classical Quantum Dots

Classical QDs refer to nanoscale particles made of semiconducting material, typically characterized
by diameters in the range of a few nanometers [31]. The quantum confinement effects in these QDs
lead to a widening of the band gap [32]. As a result, the state of unbound charge carriers within
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Figure 1.15 Illustrates core materials of representative quantum dots (QDs), scaled based on their
emission wavelength and superimposed onto the spectrum. Source: Reproduced with permission from Pu
et al. [539]/American Chemical Society.

the quantum dot (QD) is quantized, and the arrangement of distinct energy states is linked to the
dimensions of the QD. This feature enables the adjustment of the emission color of QDs by man-
aging their size and composition [538]. By choosing an appropriate core material with a desired
bandgap and fine-tuning the size of QDs, the emission wavelength can cover the visible, ultraviolet
(UV), and near-infrared (NIR) regions [539] (Figure 1.15). In comparison to organic dyes, QDs dis-
play similar quantum yields, yet they boast extinction coefficients 10—50 times greater, markedly
reduced photobleaching rates, and fluorescence that is 10—20 times brighter. Additionally, they
exhibit 100—200 times enhanced photostability [540]. Currently, CdSe and CdTe QDs are widely
favored, showcasing attractive optical properties within the visible spectrum ranging from 400 to
700 nm [541-543]. Furthermore, QDs with NIR emission characteristics, including CulnSe, Ag,S,
and PbS QDs, have garnered interest for their benefits in in vivo animal imaging studies where NIR
light is advantageous [544-546] Recently, there has also been interest in perovskite QDs because
of their possible use in extremely effective photoelectric devices [547]. Indeed, recent literature
has used the terms “carbon QDs” or “graphene QDs” to describe various carbon-based nanopar-
ticles [548]. Upon further investigation, it becomes apparent that several of these particles display
features more closely associated with fluorescent organic dots. In this article, the focus is on QDs
composed of semiconductor nanocrystals. Several colloidal methods have been used to synthesize
QDs, which are discussed briefly below.

1.7.1 Organometallic Methods of Synthesis of Quantum Dots

Conventional techniques for producing QDs typically entail injecting semiconductor precursors
into appropriate organic solvents through a hot injection method. As an illustration, Murray et al.
conducted the synthesis of CdSe QDs by injecting a liquid mixture of Cd precursor (Cd(CHj,),)
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and Se metal in tri-n-octylphosphine (TOP) into heated trioctylphosphine oxide (TOPO) [51].
The TOPO solvent functions as a stabilizing agent, enabling the reaction to occur at elevated
temperatures around 320 °C. Through precise control of the reaction temperature, a range of
QDs with sizes spanning from 1.5 to 11.5 nm was successfully produced. However, the cadmium
precursor, Cd(CH,),, employed in this process proved to be highly toxic, rendering it impractical
for large-scale synthetic applications. To address this issue, Peng et al. later substituted this
toxic cadmium precursor with a less harmful reagent, CdO, aiming for a more environmentally
friendly synthesis of CdTe, CdSe, and CdS QDs [55]. This method has the potential to generate
additional QDs with reasonably high yields. Subsequent syntheses can be carried out at compar-
atively lower temperatures (250-300 °C) with consistent and reproducible outcomes. Deng et al.
further streamlined the quantum dot synthesis process by developing Zinc-blend CdSe. They
achieved this by substituting coordinating solvents such as TOP/TOPE with more economical and
environmentally friendly options like paraffin liquid and oleic acid [549]. Nanocrystals of CdSe,
with sizes that can be adjusted within the range of 2-5nm and distinct UV-Visible peaks, were
successfully produced. The hot injection method, with precise selection of synthetic parameters,
has been applied to synthesize various QDs, including lead sulfide (PbS) [54, 550], lead selenide,
PbSe [54], Indian phosphide InP [551], silver sulfide Ag,S [552], and silver selenide Ag,Se [553].
Size-controlled synthesis of fluorescent perovskite QDs has also been achieved by hot injection
method [554, 555].

While injection-based reaction techniques yield QDs with desirable physical and chemical
attributes, challenges in regulating post-injection reaction temperatures have led to reproducibility
issues. In response to this challenge, various noninjection methods have been introduced for
large-scale QD production. For instance, Efrima et al. developed a straightforward and adaptable
low-temperature approach for synthesizing high-quality metal sulfide QDs by heating metal
xanthate in hexadecylamine solvent [556]. The process was conducted at a moderate temperature
range of 50-150 °C, generating metal sulfide QDs even at a low reaction temperature of 70 °C. Nev-
ertheless, the QD size was manipulated by adjusting both the reaction temperature (ranging from
50°C to 150 °C) and the concentration of metal xanthate. Elevated metal xanthate concentration
led to the fabrication of smaller particles, attributed to rapid nucleation following the principles
of La Mer behavior [557]. Liu et al. reported the low-temperature synthesis of PbS QDs using non
injection approach [558]. The impact of various synthetic reaction parameters on the development
of PbS QDs has been examined. The reactions were conducted within the temperature range of
30-120 °C, utilizing octadecane as the solvent. Lead oxide (PbO) and lead acetate served as the lead
sources, while bis(trimethylsilyl)sulfide ((TMS)2S), thioacetamide (TAA), and elemental sulfur
(S) were employed as sulfur sources. Different acids, such as oleic acid (OA), were explored as
stabilizing agents. Optimal quality PbS QDs were reported when using (TMS)2S and OA. The reac-
tions yielded QDs with a narrow bandwidth as small as 100 nm. These QDs displayed emissions
spanning from 700 to 900 nm, dependent on factors such as reaction temperature, growth periods,
acid-to-lead ratio, and the feed molar ratio of lead to sulfur. Du et al. synthesized monodisperse
and single-crystalline Ag,S QDs using a strategy involving a single-source precursor (Ag(DDTC)),
resulting in single-crystalline Ag,S QDs with a size of approximately 10nm [559]. The reaction
scheme for the synthesis of Ag,S QDs by this method is shown schematically in Figure 1.16A. The
synthetic procedure involved the heating of a mixture containing Ag (DDTC), oleic acid (OA),
octadecylamine (ODA), and 1-octadecane (ODE), followed by precipitation, washing, and drying.
The selection of capping ligands and solvents played a pivotal role in achieving uniform Ag,S
QDs. Adjusting the solution composition allowed for the tuning of QD size and size distribution.
The Ag,S QDs in the monoclinic phase exhibited near-infrared (NIR) emission at 1058 nm,
indicating their potential for mitigating autofluorescence in bioimaging. X-ray diffraction (XRD)
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Figure 1.16 (A) Illustrates the process of synthesizing near-infrared (NIR) Ag,S quantum dots (QDs) from a
single-source precursor, Ag (DDTC). (B) Displays transmission electron microscopy (TEM) images, including
(a) an overall view of Ag,S QDs and (b) a high-resolution TEM (HRTEM) image focusing on a single Ag,S QD.
(C) Presents (a) the NIR absorption spectrum of the obtained Ag,S QDs, with an inset showing the
dispersion of Ag,S in cyclohexane and (b) the NIR fluorescence emission spectrum of Ag,S QDs at room
temperature, excited at Aex = 785 nm. Source: (a-c) Reproduced with permission from Du et al.
[559]/American Chemical Society.

patterns validated the monoclinic nature of the Ag,S nanocrystals, and TEM images portrayed
well-dispersed QDs with a two-dimensional ordered arrangement. The TEM images illustrated
the Ag,S QDs to be uniformly sized, of an average size of 10.2 + 0.4 nm. (Figure 1.16B). The single
crystallinity of the QDS was confirmed by HRTEM images which interplanar distance of ~0.28 nm
which corresponds to (112) facets of monoclinic Ag,S (Figure 1.16B). Whereas NIR-UV-Visible
spectrum showed a discreet and lowest energy absorption peak at 920 nm (Figure 1.16C). The
NIR photoluminescence spectrum of the Ag,S QDs, excited with a 785nm laser diode, exhibited
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a symmetric emission peak at 1058 nm with a small full-width at half-maximum (FWHM),
indicating a narrow size distribution (Figure 1.16C). The quantum yield of the QDs was not exam-
ined in this study. The results suggest that the as-prepared Ag,S QDs have potential as nontoxic
alternatives for in vivo bioimaging, offering a unique optical window for tissue penetration. Further
investigations may explore the incorporation of a core-shell structure to enhance quantum yield
and photostability.

1.7.2 Aqueous Synthesis of QDS Using Chemical and Biological Methods

While organometallic methods for synthesizing QDs provide advantages such as high crys-
tallinity, a narrow particle size distribution, and a high fluorescence quantum yield, they
have limitations in biomedical applications. Organometallic QDs exhibit low water solubility,
necessitating additional phase transfer steps to enhance their stability and dispersibility in water.
Moreover, the organometallic synthesis process involves the use of various harmful solvents,
posing environmental concerns. To address these limitations, water, a more environmentally
friendly solvent, has been employed for QD synthesis. Aqueous-phase synthesis of QDs offers
several benefits, including the use of water-soluble ligands as stabilizers for biomedical appli-
cations and lower reaction temperatures typically below 100 °C. The fabrication of QDs in an
aqueous phase was initially documented by Henglein [560] in 1982 and Brus et al. [561] in
1983, where CdS QDs were synthesized. Vossemeyer et al. successfully produced monodisperse
CdS QDs utilizing 1-thioglycerol as a stabilizer, and Cd(C10,) 6H,0 and H,S as reactant pre-
cursors. The size of the CdS QDs ranged from 13-19 Angstroms. Rogach et al. [562] described
the aqueous phase synthesis of thiol-stabilized CdTe QDs with commendable luminescence
properties using 2-mercaptoethanol and 1-thioglycerol as stabilizers. The synthesis involved
adding NaHTe solutions to Cd(C10,)2-6H,0 solutions in a nitrogen atmosphere at pH 9.2 in
the presence of stabilizers. The size of the QDs was adjusted by regulating the initial concen-
trations of NaHTe precursor, temperature, and the type of stabilizer. The CdTe QDs exhibited
fluorescence properties attributed to the 1s-1s electronic transition. High-quality CdZnS and
Cu-doped CdZnS QDs were synthesized by Yakoubi et al. [563] using aqueous phase synthesis
with 3-mercaptopropionic acid (MPA) or N-acetylcysteine (NAC) as capping agents. Initially,
nearly monodisperse Cu:CdZnS QDs were produced in an aqueous solution, utilizing (MPA
as a capping ligand. Subsequently, Cu:CdZnS/ZnS core/shell QDs were prepared by carefully
depositing ZnS onto preformed Cu:CdZnS nanocrystals through the addition of Zn?* and S*-
precursors and the ligand at 100°C. The synthesis of host CdZnS QDs involved injecting an
aqueous solution of Na,S into a mixture of cationic Cd?*, Zn?*, and the ligand at basic pH,
followed by heating at 100 °C. Optimal conditions for obtaining high-quality CdZnS QDs included
a Cd?** + Zn?* concentration of 5mM and a (Cd?* + Zn?*)/S?~ molar ratio of 1/1. The CdZnS QDs
displayed photoluminescence quantum yields (PL QYs) up to 7%, with variations in precursor
concentrations or molar ratios affecting the PL efficiency. Different Cd and Zn precursors were
explored, and CdBr, and ZnBr, resulted in the best PL QY (5%) for CdZnS QDs. The pH of the
Cd?*-Zn**-MPA precursor solution influenced the QDs’ properties, with pH 8 yielding the highest
PL QY (5%). The formation of alloyed Cd,Zn,_.S QDs was evidenced by continuous shifts in
absorption and PL spectra, indicating the incorporation of wider bandgap ZnS with narrower
bandgap CdS (Figure 1.17A). However, attempts at certain compositions like Cd,;Zn,,S and
Cd, 3Zn,,S failed to produce fluorescent nanocrystals. Cu-doped CdZnS QDs were synthesized
by adding CuCl, to the reaction mixture. The PL emission redshifted upon Cu?* doping, and the
optimal doping concentration was found to be 0.5%. The Cd/Zn ratio influenced the emission
wavelength, with higher Cd concentrations leading to a red-shift. The synthesis was versatile,
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Figure 1.17 (A) Shows (a) UV-visible absorption and photoluminescence (PL) spectra of Cu-doped
Cd,Zn,_, S quantum dots (QDs). Additionally, (b) presents a photographic representation of aqueous
dispersions of Cu: Cd,Zn,_ S QDs under UV light irradiation, with variations in x from 0.1 to 0.7 and an
excitation wavelength of 350 nm. Moving to (B), it includes high-resolution transmission electron
microscopy (HR-TEM) images, selected area electron diffraction (SAED) patterns, and size distributions of
Cu-doped QDs for different compositions: (a) Cd,,Zn, S, (b) Cdy5Zn, S, (c) Cdy ,Zn, S, (d) CdysZn, S, and
(e) CdyZny ,S. Source: (a, b) Reproduced with permission from Yakoubi et al. [563]/Elsevier.

allowing the use of different water-soluble thiol ligands. Among those tested, N-acetylcysteine
(NAC), MPA, and glutathione (GSH) provided the highest PL QYs (27, 9, and 3%, respectively).
To enhance stability and optical performance, Cu:CdZnS/ZnS core/shell QDs were prepared. The
ZnS shell was grown using the successive ion layer adsorption and reaction (SILAR) technique,
resulting in a significant increase in PL QY (from 9 to 42%). Further coating beyond five monolay-
ers of ZnS led to aggregation and decreased PL intensity. Excited-state lifetime decays of Cu-doped
CdZnS QDs indicated triexponential decays, with lifetimes ranging from 0.46 to 1.55ps. The
addition of a ZnS shell increased the average PL lifetime, indicating efficient surface passivation.
The hydrodynamic diameters of Cu:CdZnS and Cu:CdZnS/ZnS QDs in a phosphate buffer solution
(pH 7.4) were 7.3+ 1.2 and 9.2 + 1.5 nm, respectively (Figure 1.17B). Both QDs exhibited stability
over ten days, with a slight increase in diameter and a reduction in PL intensity. The dots were
stable over a range of pH (7-12), with a slight decrease in PL QY at pH 6 and rapid decay below
pH 4. Photostability testing demonstrated that the QDs retained their PL QY even after prolonged
UV-light exposure. In summary, a synthetic approach was developed that allowed for the fabri-
cation of stable and highly luminescent Cu:CdZnS and Cu:CdZnS/ZnS QDs, holding promise for
various applications, including biological labeling and tumor detection. Further tuning the particle
size with different stoichiometric ratios of Cd/Zn precursors in CdZnS QDs allowed for the adjust-
ment of photoluminescence properties across the entire visible spectrum. Aqueous phase synthesis
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of QDs has been further extend to microwave [564], hydrothermal [565], ultrasonic [56, 566, 567],
and microemulsion methods [568-570] of synthesis. For instance microwave-aided synthesis of
water-dispersable CdTe/CdS/ZnS CSS QDs was reported by He et al. [571]. As synthesized QDS
exhibited high photoluminescence quantum yield (40-80%) and excellent photostability. The size
of these core shell shell (CSS) QDs was found to be around 4.5nm. A one-pot aqueous phase
microwave synthesis of CdTe QDs has been reported by employing Na,TeO, as tellurium (Te)
source and MPA as a stabilizing agent [572]. The QDs were produced in a brief reaction time of
10-14 minutes and achieved 40-60% emission in 550-640 nm wavelength range. These CdTe QDs
were spherical in size with a mean diameter of 3nm. By controlling the reaction temperature,
various sizes of CdTe QDs with tuneable UV-Visible/PL emissions were produced. Several reports
are available for the aqueous phase synthesis of QDs by employing various chemical methods of
synthesis [573-580]. However, due to toxicity issues with heavy metal QDs, efforts have been on
to synthesize greener QDs based on nontoxic elements like ZnO [581], ZnS [582], ZnSe [583] in
aqueous phase which emit in the blue range. In the past decade, there has been a growing interest
in synthesized near-infrared fluorescent QDs for in vivo imaging applications. Example of such
QDs is Ag,S QDs, which has been synthesized by several research groups [584-588].

Apart from the aqueous phase methods, QDs of various types have also been synthesized by
utilizing the bio machinery or biocomponents derived from the various living things especially
microorganisms such as bacteria and fungi [589]. In the intracellular synthesis, the precursors
such as metal and sulfide ions enter the cell through the transmembrane and the synthesis is
carried out by the intracellular enzymes present inside the cytoplasm. Whereas in extracellular
synthesis, formation of QDs takes place due to the enzymes secreted by the cell to the outside
medium and hence the synthesis occurs either on the cell membrane or inside the medium.
Various QDs have been synthesized by this approach such as ZnS QDs [590, 591], CdS QDs
[592-596], PbS QDs [597, 598], CdSe QDS [599, 600], Ag,S QDs [601, 602], Ag,Se QDs [603], and
SnO, QDs [604].

In brief, this section discusses the synthesis of classical QDs, which are nanoscale particles of
semiconducting material. These QDs exhibit quantum confinement effects, resulting in a quantized
state of free charge carriers and tunable emission colors based on size and composition control. The
advantages of QDs over organic dyes include larger extinction coefficients, reduced photobleaching
rates, and brighter fluorescence. CdSe and CdTe QDs are popular in the visible spectrum, while
CulnSe, PbS, and Ag2S QDs with near-infrared (NIR) emission properties have gained attention
for in vivo imaging. Perovskite QDs are also explored for efficient photoelectric devices.

The synthesis methods are discussed, starting with organometallic approaches involving hot
injection methods. Various examples, including CdSe QDs, are presented, and efforts to substi-
tute toxic precursors with environmentally friendly alternatives are highlighted. Aqueous synthesis
methods are then introduced to address limitations in organometallic approaches, focusing on
water-soluble ligands for biomedical applications. Examples include CdS, CdTe, and CdZnS QDs
synthesized in aqueous phases. The section also touches on alternative synthesis methods such as
microwave, hydrothermal, ultrasonic, and microemulsion techniques.

The versatility of aqueous phase synthesis is demonstrated in the synthesis of stable and lumines-
cent Cu:CdZnS and Cu:CdZnS/ZnS QDs, showing promise for applications like biological labeling
and tumor detection. The discussion extends to near-infrared fluorescent QDs for in vivo imaging,
particularly Ag,S QDs. Additionally, the section explores the use of biological components for QD
synthesis, involving microorganisms like bacteria and fungi. Both intracellular and extracellular
synthesis approaches are discussed, highlighting the synthesis of various QDs, including ZnS, CdS,
PDbS, CdSe, Ag,S, Ag,Se, and SnO, QDs.
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Intensive research has focused on exploring the remarkable attributes of carbon nanomaterials,
including fullerenes, carbon nanotubes, and graphene. These materials exhibit exceptional proper-
ties, such as outstanding electrical and thermal characteristics, high mechanical strength, making
them suitable for diverse applications ranging from water treatment, hydrogen storage, optoelec-
tronics, sensing, to controlled drug delivery. Additionally, their utilization as protective agents in
various engineering products underscores their significance. In the biomedical field, these carbon
nanomaterials have demonstrated promising results. This section presents a brief summary of the
synthetic methods used to fabricate various types of carbon-based nanomaterials, such as carbon
nanotubes, fullerenes, and graphene.

1.8.1 Synthesis of Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTSs) is a versatile carbon allotrope comprised of rolled up sheets of graphene
[605]. Carbon nanotubes (CNTs) are found in two primary forms: single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTS) [606]. SWCNTs are composed of a single
layer of carbon atoms and have a diameter of around 3 nm [607], while MWCNTs are composed
of two or more layers and have a diameter in the range of 7-100 nm [608]. Both types of CNTs can
reach lengths up to 1 mm. Their extensive applications in the fields of sensors, electronics, mechan-
ics, chemistry, and biology are attributed to their remarkable tensile strength, Young’s modulus,
and twisting properties compared to metals like steel and iron [609]. Various synthesis methods,
including laser ablation, arc discharge, chemical vapor deposition (CVD), and plasma-enhanced
CVD, have been employed to produce CNTs.

1.8.1.1 Plasma-Based Synthesis

Plasma-based synthesis stands out as a cutting-edge and versatile approach for the production of
CNTs, offering unique advantages in terms of precision and control over the synthesis process [610].
Leveraging the fundamental principles of plasma physics, this method harnesses the energy of a
high-temperature plasma to induce the growth of CNTs from carbon-containing precursors. The
intricate interplay of reactive species in the plasma environment allows for the tailoring of CNT
characteristics, including size, structure, and purity.

The techniques used in plasma-based synthesis of CNTs are discussed briefly below.

Arc Discharge Method Arc discharge technique was first used by Iijima to synthesize CNTS who
observed MWCNTs in the sooth of graphite electrodes [611]. This technique involves the pro-
duction of plasma between the two graphite electrodes, which finally results in the production
of good-quality CNTs [612]. The anode of the setup is usually filled with carbon precursor and a
catalyst (Fe, Co, etc.), whereas cathode is composed of pure graphite. The two electrodes are then
mounted at a pot difference of 20 V and are kept at 1-2 mm distance. The electrodes are enclosed
in a setup, which is filled with inert gas at very low pressures. As the arc is triggered between the
electrodes, plasma is produced which is usually composed of carbon, catalyst vapors, and inert gas.
During the process, CNTs get deposited on the graphite cathode and at the same time anode gets
consumed. This method produces fine CNTs with fewer defects [613, 614]. The yield and quality
of CNTs can be optimized by varying the reaction parameters such as type of the catalyst, inert gas
type, inert gas pressure, electrode distance, and arc current density. For instance, using hydrogen in
the growth region results in the production of highly crystalline MWCNTs [615-618]. Single-walled
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CNTS are usually synthesized in the presence of catalytic material such as Gd, Ni, Fe, Co, Pt, Pd,
and Ag or mixtures of metal catalysts such as Ni, Co, and Fe with different components such as
Co-Ru, Co-Pt, Ni-Y, and Co-Ni [619, 620]. Multiwalled CNTs have usually been synthesized with-
out the presence of a catalyst [621-623]. The mass production of SWCNTs has been achieved by
employing Ni-Y bimetallic catalyst in helium ambient gas [624]. Various reports are available for
the synthesis of CNTs using arc discharge method [624-626].

Laser Ablation Method Laser ablation method is the second method, which has been used to syn-
thesize CNTs. For instance, synthesis of SWCNTs in high yields (70%) was achieved by Thess et al.
in 1996 using Ni and Co as a catalyst at 1200 °C [627]. These CNTs were uniform in diameter and
self-organized in the shape of ropes with each rope composed of 100-500 NTs. In this method,
the reaction usually takes place inside quartz tube furnace. Graphitic material embedded with a
catalyst is placed inside the quartz tube and heated by the pulsed laser due to which the material
converts into vapor form. The pressure is maintained constant during the heating by employing
the inert gases. Metal catalyst NPs formed in the graphitic vapor during pulsed heating catalyze
the growth of CNTs [628]. This method is employed to produce mostly SWCNTs [629].

Chemical Vapor Deposition (CVD) The main problems associated with the plasma methods is low
yield, high reaction temperature, and several purification process for obtaining pure CNTs. To
overcome these limitations, chemical vapor deposition (CVD) method has been devised in 1996
for the large-scale production of CNTs [630]. Infect, arc method, and laser ablation methods are
superior to CVD to produce more crystalline CNTs, but CVD has a special advantage of producing
CNTs in bulk quantities and in high yields. In this method, the carbon substrate materials such
as fullerene are placed inside an oven and heated to the temperature of 700-900 °C [631]. During
the heating process, carbon-bearing gases such as methane, acetylene, and ethylene are added to
the reaction chamber. During heating, the carbon-based materials are converted into atomic form,
which interacts with the substrate and forms CNTs. The heating can be accomplished by either
using energy from heater coil or plasma. CVD results in the production of CNTs in yields greater
than 90% and high percentage purity. Based on catalyst location, CVD can be further classified into
supported CVD [632] and floating catalyst CVD (FC-CVD) [633, 634]. In the former method, cat-
alyst is first prepared and reduced before the synthesis of SWCNTs. This method is complicated
due to interaction between catalyst and support. However, in latter method, catalyst and SWCTs
synthesis occurs in the gaseous environment, thereby making it more scalable and a single-step
process. Further, FC-CVD results in the production of SWCNTs with high purity. The morphology
and chirality of the NCTs can be tuned by proper selection of the catalyst [635]. For instance, using
bimetallic catalyst material results in the production of SWCNTs with narrow chirality [636]. The
carbon source in CVD can be either in liquid phase or in solid phase. In CVD process using liquid
hydrocarbon as a carbon source such as benzene and alcohol, the liquid carbon source is heated
in a flask and purged by an inert gas, which carries the vapors hydrocarbon vapors into the reac-
tion zone where decomposition and further reaction result in the production of CNTs [38]. In CVD
using solid carbon source, the hydrocarbon material that may be a low volatile material such as
camphor, naphthalene, and ferrocene is placed at a low-temperature zone of a reaction chamber,
where it is vaporized and carried toward the high-temperature reaction zone loaded with the cata-
lyst. The catalyst used in CVD may also be used either in solid, liquid, or gas form. The catalyst can
be either placed inside the reactor or fed from outside. The catalyst can either be placed in the hot
zone to catalyze the growth of CNTs or catalyst is subjected to pyrolysis at suitable temperatures
which liberates the metal NPs in situ. The MNPs then catalyze the growth of the CNTs. This method
is flexible compared to other methods like arc discharge or laser ablation method in the sense that
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plenty of hydrocarbon sources in any of the three states can be used as substrates. It also permits
the growth of CNTs in a variety of forms like powders and films owing to the lower growth temper-
atures (550-1000 °C), and CVD offers better control over the growth parameters. This approach has
been utilized to cultivate carbon nanotubes (CNTs) tailored for specific applications [607, 637-643].

Plasma-Enhanced Chemical Vapor Deposition (PECYD) The thermal CVD method described above
has a disadvantage of operating at moderately higher temperature, which are quite unbearable for
certain substances to withstand without decomposition. Therefor an alternative method known as
plasma-enhanced chemical vapor deposition (PECVD) method has been designed which operates
at lower temperatures, room temperature in some cases for the deposition of CNTs [644]. In this
method, a high voltage is applied between the two electrodes in a reaction chamber, which results
in the production of the electric discharge. The substrate is put on the electrodes and the reactant
gas is flushed through the chamber to deposit a uniform film [645]. The substrate is itself loaded
with transition metal catalysts such as Fe, Ni, and Co by thermal CVD or sputtering technique. The
electric discharge results in the production of fine metal particles which then catalyze the growth
of CNTs from the carbon gas source such as CH4, C,H,, C,H,, C,H,, and CO, which is fed to the
reaction chamber during the discharge [646]. The type of the catalyst affects the morphological
features of the CNTS such as diameter, wall thickness by controlling the growth rate. For instance,
aligned MWCNTs of the diameter of 15nm have been produced by using Ni as a catalyst. This
method operates in different modes like radio frequency (RF) mode known as RF-PECVD,
diffusion current mode, DC-PECVD, microwave, MW-PECVD, and hot filament-PECVD. Hot
filament-PECVD uses thermal energy for the generation of plasma and has successfully produced
CNTs. DC-PECVD resulted in the production of mostly vertically aligned CNTs. For instance,
Teo et al. also produced vertically aligned CNTs by DC-PECVD using n+ doped Si (100) substrate
[647]. Here the substrate was biased at —600 V which initiated a DC glow plasma discharge. The
CNTs were grown vertically by electric field in the plasma sheath. The transmission electron
micrograph in Figure 1.18A illustrates a typical carbon nanotube (CN) grown via direct current
plasma-enhanced chemical vapor deposition (dc PECVD). The presence of Ni catalysts at the tip of
all CNs suggests favorable conditions for the tip-growth diffusion mechanism during deposition.
The CNs exhibited well-crystallized graphene walls, numbering between 20 and 40, indicative
of excellent conductivity along their axis. Electrical conductivity measurements revealed a room
temperature bulk resistivity comparable to multiwall carbon nanotubes produced by arc discharge,
emphasizing their potential utility. Graphitic bamboo-like fringes were observed along the length
of the CN, consistent with findings from other PECVD studies. Upon the termination of growth
and cooling of the catalyst, disordered carbon was expelled, resulting in mostly hollow, tubular
structures, even for CNs with large diameters (300 nm). Examining the nucleation of multiple and
single isolated CNs, it was observed that a 7nm thick Ni film patterned into a 100 nm wide line
yielded multiple CNs, while an array of 100 nm wide square dots produced more uniform, single
CNs. The critical size for deterministic single CN nucleation was found to be 300 nm. A statistical
study on the effect of catalyst dot size revealed that only at 100 nm were single CNs determinis-
tically obtained. Beyond 300 nm, the average number of CNs per catalyst dot increased linearly
with dot size, indicating some degree of control over CN number by adjusting dot dimensions
(Figure 1.18B). To achieve good structural uniformity, single isolated CNs were grown, exhibiting
tight distributions in diameter and height. The observed CN diameter was slightly smaller
than the catalyst dot size, and a statistical approach revealed good uniformity. Field emission
measurements on individual, isolated CNs showed similar Fowler-Nordheim characteristics and
emission currents, confirming the uniformity of emission properties. The statistical predictions for
field enhancement factor uniformity were validated by electrical measurements, demonstrating
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Figure 1.18 (A) Presents a transmission electron micrograph of a carbon nanotube (CN) grown via dc
plasma-enhanced chemical vapor deposition (PECVD). The accompanying insets are magnified by 2.5x.

In (A), high-resolution images of the CN heads nucleated from Ni dots, ranging in width from (a) 100 to
(h) 800 nm, are displayed. The scale bar, 400 nm in length, and a sample tilt of 40° provide context for the
images. Source: (a, b) Reproduced with permission from Teo et al. [647]/I0P Publishing.

the reproducibility and reliability of the deposition process. Boskovic et al. synthesized CN fibers
(CNFs) at three different temperatures including room temperature using RF-PECVD using Ni
powder as a catalyst and methane or methane/hydrogen as a carbon source [648]. TEM images
revealed the spaghetti morphology of CNFs with CNF growth and diameter quite independent
on substrate temperature. HRTEM reveals the Ni catalyst located at the tip of the CNF. Vertically
aligned CNTs were synthesized by Hussain et al on TiN/SiO,/Si substrate and Ni as a catalyst using
RF-PECVD [649]. SEM/XPS studies revealed that the surface of CNTs covered with ultra-thin
layer of PANI. PECVD is widely used for the growth of CNTs for various applications. PECVD has
been used to grow CNTs for various applications [650-659].

To summarize, this section discusses the synthesis of CNTs, a versatile carbon allotrope with
applications across diverse fields such as sensors, electronics, mechanics, chemistry, and biology.
Two main forms of CNTs are SWCNTs and MWCNTSs, differing in the number of layers and diam-
eter. The focus is on plasma-based synthesis methods for CNTSs, offering precision and control over
the synthesis process. The following techniques are explored:

Arc discharge method. This method involves the production of plasma between two graphite elec-
trodes, leading to the deposition of high-quality CNTs. It utilizes carbon precursors and catalysts,
and the parameters like catalyst type, inert gas, pressure, and electrode distance influence the
yield and quality of CNTs.

Laser ablation method. In this method, a pulsed laser is used to heat graphitic material embedded
with a catalyst inside a quartz tube furnace. The metal catalyst nanoparticles formed catalyze the
growth of CNTs. This method is primarily employed for the synthesis of SWCNTs.
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Chemical vapor deposition (CVD). CVD is introduced as a method to overcome limitations asso-
ciated with plasma methods, offering large-scale production of CNTs. Carbon substrate materials
are heated in an oven, and carbon-bearing gases are added, leading to the formation of CNTs.
The catalyst’s location classifies CVD into supported CVD and floating catalyst CVD, with the
latter offering scalable and single-step processes.

Plasma enhanced chemical vapor deposition (PECVD). PECVD operates at lower tempera-
tures compared to traditional CVD, making it suitable for substances that cannot withstand
high temperatures. The method utilizes electric discharge and transition metal catalysts to
deposit uniform CNT films. PECVD operates in different modes like RF, diffusion current, DC,
microwave, and hot filament, each with specific advantages and applications. The discussion
includes specific examples, such as the use of Ni-Y bimetallic catalyst for mass production of
SWCNTSs, the production of vertically aligned CNTs by DC-PECVD, and the use of PECVD for
various applications.

In short, plasma-based synthesis methods offer a range of techniques to produce CNTs with
controlled characteristics, enabling their application in diverse fields.

1.8.2 Synthesis of Graphene

The synthesis of graphene can be broadly categorized into three approaches that are discussed
below.

1.8.2.1 Exfoliation: Mechanical and Liquid-Phase Exfoliation

Exfoliation methods involve the separation of the individual graphene sheets from the high-quality
graphitic carbon using mechanical or chemical energy. The graphene sheets in graphitic carbon
of which it is made of are bound together by weak van der Waals forces of attraction. Exfoliation
involves the breaking of these weak bonds by chemical or mechanical energy to separate the
graphene sheets. The first report of the synthesis of graphene by this method involved intercalation
of the pure graphitic sheets with potassium metal and then exfoliation in ethanol to from dispersion
of graphene sheets [660]. The sonication of the graphene suspension resulted in the production of
graphene scrolls of the thickness of 40 + 15 layers. Graphene scrolls tough several graphene layers
thick provided the idea that it is possible practically to separate graphene sheets of few layers
of thickness known as FLG from graphitic carbon. The production of few layer graphene (FLG)
and single-layer graphene (SLG) was first reported by Novoselov et al. [661] who produced stable
monocrystalline graphitic films with a few atom thickness by mechanical exfoliation of pyrolytic
graphite. This process produced graphene proved to be reliable and fast, hence garnered the
attention of the research community [662, 663]. Single and few layers of graphene were produced
by Shukla et al. [664] using the exfoliation method by bonding the bulk graphite to the borosilicate
glass and then subjected to exfoliation to get single or multilayers of graphene on the substrate.
Mechanical exfoliation has resulted in the production of graphene sheets of variable thickness
using various carbon sources such as natural graphite [665], highly ordered pyrolytic graphite
(HOPG) [666, 667], and monocrystal graphite [668]. Although mechanical exfoliation produces
high-quality graphene, but this method suffers from the main disadvantage of giving low yield and
insufficient control over the number of graphene layers needed for a particular application [669].
A little different approach was used by exfoliation in the liquid phase. Liquid-phase exfoliation
can produce high-quality graphene directly from graphite [670-672]. This method increases the
interplanar spacing between graphitic layers by either intercalation of metal atoms or large-sized
molecules or by chemical oxidation [673]. Mostly sonication of the graphite in liquid solvent exfo-
liates it into graphene of monolayer to few layers thickness [673-676]. The size of graphene flakes
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as well as the number of graphene sheets can be altered by changing the sonication parameters
such as sonication time, frequency, and sonication power [674, 676]. The yield and stability of
the product graphene is affected by the type of the liquid solvent [677]. The proficiency of the
solvent for graphite exfoliation in turn depends upon the surface tension of the solvent. Solvents
demonstrating superior performance are those that effectively overcome the van der Waals
interactions between graphene layers. For this reason, solvents with surface tension values from
40 to 50 mJ/m? are considered as better exfoliating solvents. Water is one of the good solvents used
for exfoliation [678]. Some additional chemical species have been used which when added to the
solvent such as water enhance the exfoliation by reducing the surface energy. Various solvents such
as cyclohexanone, benzylamine, dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), and
tetramethyl urea have been employed for the exfoliation of the graphite exfoliation [679-683]. For
instance, graphene dispersion with concentration up to 0.01 mg/mL was produced by Hernandz
et al. [677] by exfoliation of graphite in N-methyl-pyrrolidone solvent. The yield was initially 1%
which was further improved up to 12% by further processing. Liquid-phase exfoliation method has
the advantage of large-scale production of graphene. Single to few layers graphene was produced
by Lotya et al. [684] by dispersing graphite in sodium dodecylbenzene sulfonate (SDBS) followed
by sonication. A comprehensive study on the dispersion, exfoliation, and characterization of
graphene flakes has been carried out. The optimization of dispersion conditions was a crucial step
in the process. The absorption coefficient (R) was determined, providing insights into the concen-
tration of dispersed graphite. The study revealed empirical relationships, such as CG = 0.01 X CG,i,
shedding light on the concentration dynamics during centrifugation. The surfactant concentration
(CSDBS) and graphite concentration (CG,i) were varied to optimize the dispersion conditions,
leading to concentrations comparable to those achieved in surfactant-stabilized nanotube dis-
persions. The evidence of exfoliation was thoroughly examined through TEM analysis, revealing
various types of graphene flakes, including monolayers, few-layer graphene, and larger disordered
flakes (Figure 1.19A). TEM images reflected the presence of flakes with 40% flakes containing less
than five layers and 3% flakes composed of monolayers of graphene. These graphene layers were
found to be free of defects. TEM and HRTEM images of graphene flakes are shown in Figure 1.19B.
The ability to recycle sediment for improved exfoliation was a notable finding, indicating the
potential for enhancing the overall yield of graphene. Dispersion stability, characterized by the zeta
potential, suggested effective electrostatic repulsion between surfactant-coated graphene flakes.
The temporal stability of dispersions was investigated, revealing a biexponential sedimentation
behavior. The proposed stabilization mechanism, based on DLVO theory, indicated a potential
energy barrier opposing aggregation, contributing to the stability of surfactant-coated graphene
sheets. The study extended to the fabrication of graphene films through vacuum filtration. SEM and
optical images demonstrated the morphology of the films, emphasizing the presence of large and
small graphene flakes. The characterization of flake quality through FTIR, Raman spectroscopy,
and X-ray photoelectron spectroscopy indicated low levels of defects and oxidation, showcasing
the high quality of the produced graphene flakes. The optical and electrical properties of the films
were explored, with transparency and sheet resistance measurements indicating the potential
application of these films. The deposition of individual graphene flakes onto surfaces, such as
mica, was achieved, offering opportunities for further characterization and applications. The
study provides valuable insights into the dispersion, exfoliation, and characterization of graphene
flakes, paving the way for potential applications in various fields, including electronics and mate-
rials science. The comprehensive approach to understanding the underlying mechanisms and
optimizing conditions contributes to the advancement of graphene research. Both single layer
and FLG has been produced by exfoliation method using various modifications for a variety of
applications [685-689].
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Figure 1.19 (A) Displays chosen TEM illustrations of flakes produced through surfactant processing.

(a) Illustrates a monolayer, albeit with a small square debris piece near its left-hand edge. (b) Represents a
bilayer, (c) a trilayer, and (d) a disordered multilayer. (e) Depicts an exceptionally large flake, with an inset
offering a close-up of an edge displaying a small multilayer graphene flake protrusion. Additionally,

(f) exhibits a monolayer from a sample prepared through sediment recycling. Moving to (B); it showcases
high-resolution TEM images of surfactant-exfoliated graphene flakes. (a) Presents a HRTEM image of a
segment of a graphene monolayer, accompanied by an inset of a fast Fourier transform equivalent to an
electron diffraction pattern of the image. (b) Features a HRTEM image of a segment of a trilayer, also with
an inset of a Fast Fourier transform. (c) Displays a HRTEM image of part of a graphene monolayer, along
with an inset of a fast Fourier transform of the region enclosed by the white square. The scale bar in all
images is 1 nm. Additionally, (d) provides a filtered image of part of the region in the white square.

Lastly, (e) presents intensity analysis along the left white dashed line, revealing a hexagon width of 2.4 A,
while (f) shows intensity analysis along the right white dashed line, indicating a C—C bond length of 1.44 A.
Source: Reproduced with permission from Lotya et al. [684]/American Chemical Society.

In short, this section, the focus is on exfoliation methods for the synthesis of graphene, which
involve separating individual graphene sheets from high-quality graphitic carbon using mechanical
or chemical energy. Graphene sheets within graphitic carbon are held together by weak van der
Waals forces, and exfoliation entails breaking these weak bonds through chemical or mechanical
means to isolate the graphene sheets.

The initial report on graphene synthesis through exfoliation involved intercalating pure
graphitic sheets with potassium metal, followed by exfoliation in ethanol to form a dispersion
of graphene sheets. Subsequent sonication of the graphene suspension resulted in the production
of graphene scrolls of approximately 40 + 15 layers. This method provided the insight that sepa-
rating graphene sheets of few layers, known as FLG, from graphitic carbon is practically feasible.
The production of FLG and single-layer graphene (SLG) was pioneered by Novoselov et al., who
mechanically exfoliated pyrolytic graphite to produce stable monocrystalline graphitic films with
a few atom thickness. This method proved to be reliable and fast, gaining attention from the
research community.
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Mechanical exfoliation has been achieved using various carbon sources, such as natural graphite,
HOPG, and monocrystal graphite. However, while this method produces high-quality graphene,
it suffers from the main disadvantage of low yield and insufficient control over the number of
graphene layers needed for particular applications. An alternative approach is liquid-phase exfo-
liation, which can produce high-quality graphene directly from graphite. This method increases
the interplanar spacing between graphitic layers through intercalation or chemical oxidation.
Sonication of graphite in liquid solvents, such as water or other organic solvents, exfoliates it into
graphene sheets of monolayer to few layers in thickness. The size and number of graphene flakes
can be controlled by adjusting sonication parameters, and the proficiency of the solvent depends
on its surface tension.

Liquid-phase exfoliation offers the advantage of large-scale production of graphene. Various sol-
vents, including N-methyl-pyrrolidone, cyclohexanone, benzylamine, dimethyl sulfoxide (DMSO),
dimethyl formamide (DMF), and tetramethyl urea, have been employed for exfoliation. Notably,
water has been identified as a good solvent for exfoliation. A comprehensive study on the disper-
sion, exfoliation, and characterization of graphene flakes has been conducted. The optimization
of dispersion conditions was crucial, and the study revealed empirical relationships and stabiliza-
tion mechanisms contributing to the stability of surfactant-coated graphene sheets. The ability to
recycle sediment for improved exfoliation and the fabrication of graphene films through vacuum
filtration were notable findings.

In summary, exfoliation methods, whether mechanical or liquid phase, offer pathways for the
large-scale fabrication of graphene with controlled characteristics. These methods have found
applications across various fields and the comprehensive studies provide valuable insights for
advancing graphene research and applications in fields such as electronics and materials science.
Both single-layer and few-layer graphene have been successfully produced through exfoliation
methods with modifications tailored for specific applications.

1.8.2.2 Chemical Vapor Deposition (CVD)

This is a bottom-up approach in which organic molecules in either solid (camphor, polymers,
and sucrose), liquid (benzene, hexane, ethanol, and turpentine oil), or gas (methane, ethane, and
ethyne) phase are decomposed at high temperatures in without the presence of oxygen and the
carbon atoms are self-assembled to yield graphene structures. This method produces graphene
with fewer layers with large surface areas and long-range order. CVD offers flexibility over the
choice of the carbon precursors. The formation of graphene layers is catalyzed by the presence of
mostly transitional metals such as Ni, Cu, Co, Au, Pt, Pd, Ru, Ir, Re, and Rh. Depending upon the
substrate material used, growth mechanism is a multistep process which involves such as decom-
position, adsorption, dehydrogenation, diffusion, nucleation, segregation, and precipitation. The
use of copper (Cu) as a catalyst is prevalent in the synthesis of graphene due to its low solubility
for carbon, making it a widely adopted choice and offering effective control over the number of
layers in the resulting graphene. For instance, synthesis of graphene has been achieved by Zhang
et al. [690] by employing water less cleaning method of Cu foils. Here the contaminated Cu foils
were first annealed at high temperatures, and the oxidized surface layer was removed during the
cooling step. Next the diluted methane, Ar, and H, were then introduced into the chamber for
the growth of graphene layers. It was revealed that annealing of Cu foils in the absence of He
resulted in the production of defect-free multilayer graphene. The large-scale fabrication of 3D
graphene with high electrical conductivity and a high specific area has been achieved by Mint et al.
[691] using 3D Ni nanowire foam as a catalyst at lower temperatures (670 °C). Different types of
catalysts and carbon precursors have been used for the growth of single to multilayer graphene for
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Figure 1.20 Illustrates schematic diagrams of (a) thermal CVD and (b) plasma-assisted CVD processes,
specifically applied to graphene synthesis from CH,/H, mixtures. Source: Reproduced with permission from
Munoz et al. [697]/John Wiley & Sons.

various applications. Researchers have also shown interest in plasma-assisted synthesis (PACVD)
of graphene. The first report of the synthesis of single to multilayer graphene by PACVD dates to
2004 using radiofrequency PACVD [692, 693]. Graphene was synthesized on a variety of substrates
without any catalyst deposition or surface preparation. The subnanometer thickness graphene
sheets were produced from a mixture of CH, and H, at a total pressure of 12 Pa and a power of
900 W with a substrate temperature of around 680 °C. Due to simplicity of this process, it drew
the interest of the scientific community worldwide to produce graphene with some modifications
[694-696]. Schematic representation of the production of graphene by thermal CVD and plasma
CVD is shown in Figure 1.20. The process involves several key steps: (i) Transportation of reactants
through forced convection, (ii) thermal activation (in the case of (a)) or plasma activation (in the
case of (b)), (iii) prevention of homogeneous gas reaction with particles and powder production
in graphene synthesis, achieved by controlling kinetic parameters (P, T, n), (iv) transportation of
reactants through gas diffusion originating from the main gas stream and traversing the boundary
layer, (v) adsorption of reactants on the surface of the substrate, (vi) dissolution and bulk diffusion
of species based on substrate solubility and physical properties. This step involves thermal
activation-mediated-surface processes, encompassing chemical decomposition (catalytic), reac-
tion, surface migration to attachment sites (such as atomic-level steps), incorporation, and other
heterogeneous surface reactions, ultimately leading to film growth, (vii) desorption of by-products
from the surface, (viii) transportation of by-products through diffusion in the boundary layer and
back to the main gas stream, and (ix) forced convection-driven transportation of by-products away
from the deposition region. CVD method has been used to prepare single to multilayer graphene
for a variety of applications [698-701].

In short, this section discusses the CVD method, a bottom-up approach for synthesizing
graphene. In CVD, organic molecules in solid, liquid, or gas phases, such as camphor, polymers,
sucrose, benzene, hexane, ethanol, methane, ethane, and ethyne, are decomposed at high temper-
atures in the absence of oxygen. The carbon atoms then self-assemble to form graphene structures.
This approach allows to produce graphene with fewer layers, large surface areas, and long-range
order.
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CVD offers flexibility in choosing carbon precursors, and the formation of graphene layers is
catalyzed by transitional metals like Ni, Cu, Co, Au, Pt, Pd, Ru, Ir, Re, and Rh. Copper (Cu) is
widely used as a catalyst due to its low solubility of carbon, enabling precise control over the num-
ber of graphene layers. For example, Zhang et al. achieved the synthesis of defect-free multilayer
graphene by annealing Cu foils in the absence of helium. Large-scale production of 3D graphene
with high electrical conductivity and specific area was achieved using 3D Ni nanowire foam as a
catalyst at lower temperatures. Various catalysts and carbon precursors have been explored for
growing single to multilayer graphene for diverse applications. Researchers have also explored
plasma-assisted synthesis (PACVD) of graphene, with the first report dating back to 2004 using
radiofrequency PACVD. Graphene was synthesized on various substrates without catalyst deposi-
tion or surface preparation. The process involves transporting reactants through forced convection,
thermal or plasma activation, preventing homogeneous gas reactions, adsorption on the substrate
surface, dissolution and bulk diffusion of species, desorption of by-products, and transportation of
by-products away from the deposition region.CVD has been extensively used for preparing single to
multilayer graphene for various applications, showcasing its versatility and potential in graphene
synthesis.

1.8.2.3 Laser-Induced Synthesis
Laser-based synthesis has a special advantage of simple and efficient localized energy delivery
[702]. The desired number of graphene sheets can be obtained by changing the parameters such as
laser power, pulse width, and scanning rate [703]. Laser-induced processing of graphene has been
achieved by techniques such as pulsed laser deposition, laser exfoliation, laser-induced CVD, and
laser writing [704-707]. This method involves creating localized heating of a substrate or catalyst,
either in a vacuum or a gas atmosphere, to facilitate the direct deposition or patterning of graphene.
The regions of laser irradiation achieve the desired temperature instantly. The rapid temperature
rise due to rapid heating rate decomposes the carbon source at a fast rate [708]. The forward move-
ment of laser spots on the substrate lets local temperatures to drop which allows the diffusion of
additional carbon atoms on the catalyst surface which results in the formation of graphene lay-
ers. Graphene layers have been fabricated on Ni foils using laser-induced CVD by irradiating the
Ni foils with laser radiations in CH,/H, atmosphere [709]. The control of the laser scan rate has
been employed to manage the number of graphene layers. Jiang et al. successfully achieved the
formation of few-layer graphene on Ni plated using laser-induced CVD in a CH,/H, atmosphere
under ambient conditions [710]. The quantity of graphene layers has been controlled by tuning
the laser power and scan speed. There are various reports of the formation of high-quality FLG by
laser-induced CVD. The fabrication of FLG on Ni films has been achieved by Wang et al. [711] using
pulsed laser ablation of the graphite target at 650 °C. The thickness of the graphene films, corre-
lating with the number of graphene layers, was regulated by adjusting the ablation time. Several
metal films have been explored for the generation of few-layer graphene through the pulsed laser
ablation technique. The number of graphene layers was influenced by the cooling rate and energy
of the pulsed laser [709, 710]. The formation of high-quality graphene has been achieved by direct
laser writing on various types of substrates, which has proved to be a low cost and simple method
[712]. For instance, direct laser wring of graphene patterns on various insulating substrates such as
glass, Si/SiO, has been achieved by Xiong et al. [712] using femtosecond laser under ambient con-
ditions. Graphene patterns such as spirals, texts, electric circuits, and line arrays have been drawn
using this technique. Laser synthesis has been used to synthesize graphene for various applications
[713-717].

In short, this section explores laser-based synthesis as a method for graphene production,
emphasizing its advantage of providing simple and efficient localized energy delivery. Laser
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parameters such as power, pulse width, and scanning rate can be adjusted to control the number
of graphene sheets obtained. Various techniques, including pulsed laser deposition, laser-induced
CVD, laser exfoliation, and laser writing, have been employed for laser-induced processing of
graphene. Laser-induced CVD involves the localized heating of a substrate or catalyst, either in a
gas atmosphere or vacuum, for direct deposition or patterning of graphene. The rapid temperature
rise, facilitated by the laser, decomposes the carbon source quickly, and the local temperature drop
during laser movement allows the diffusion of additional carbon atoms on the catalyst surface,
resulting in the fabrication of graphene layers. Control over the laser scan rate allows for the
manipulation of the number of graphene layers.

Research has demonstrated the production of graphene layers on Ni foils through laser-induced
CVDin a CH,/H, atmosphere. The number of layers was regulated by manipulating the laser scan
rate. Additionally, few-layer graphene formation on Ni-plated substrates was accomplished using
laser-induced CVD under ambient conditions, with control over the number of layers achieved
through adjustments in laser power and scan speed. Pulsed laser ablation methods were also
employed for generating high-quality few-layer graphene on diverse metal films. The thickness of
the graphene films, corresponding to the number of layers, is controlled by changing the ablation
time, cooling rate, and laser energy. Direct laser writing on different substrates, such as glass
and Si/SiO,, has emerged as a low-cost and simple method for producing graphene patterns.
For example, femtosecond lasers have been employed for ambient condition direct laser writing,
creating graphene patterns like spirals, texts, electric circuits, and line arrays. Laser synthesis of
graphene has found applications in various fields, highlighting its versatility and potential for
practical use.

1.9 Conclusion and Future Perspective

The synthesis methods discussed, spanning from gold nanoparticles to graphene, showcase the
versatility and innovation within nanomaterial fabrication. The synthesis of gold nanoparticles
employs diverse methods, including chemical reduction, citrate reduction, and green synthesis
using plant extracts. These methods yield nanoparticles with unique properties suitable for vari-
ous applications such as medicine, catalysis, and sensing. Future perspectives may involve refining
green synthesis approaches, exploring new reducing agents, and expanding applications in targeted
drug delivery and diagnostics.

Like gold nanoparticles, silver nanoparticles are synthesized through chemical and green
methods. The antibacterial and antiviral properties of silver nanoparticles make them valuable in
medical applications. Future directions could focus on optimizing synthesis for specific medical
uses, addressing toxicity concerns, and exploring broader applications in water purification and
consumer products.

MNPs find applications in medicine, particularly in targeted drug delivery and imaging.
Synthesis methods include co-precipitation, thermal decomposition, and microemulsion. Future
perspectives involve enhancing biocompatibility, improving magnetic properties, and advancing
functionalization for precise biomedical applications.

QDs offer unique optical properties with applications in imaging and sensing. Synthesis methods
include colloidal synthesis and organometallic synthesis. Future research may emphasize improv-
ing quantum dot stability, reducing toxicity, and expanding their applications in fields like solar
cells and bioimaging.

Carbon nanotubes exhibit remarkable properties, leading to applications in various fields.
Synthesis methods include arc discharge, laser ablation, CVD, and plasma-enhanced CVD.
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Future perspectives may involve scalability improvements, optimization for specific applications,
and exploration of novel catalysts and precursors.

Graphene synthesis employs exfoliation methods, CVD, and laser-based approaches. Techniques
like liquid-phase exfoliation and CVD offer scalable production. Future directions may include
further optimization of CVD for large-scale applications, exploring new exfoliation methods, and
advancing applications in electronics, materials science, and energy storage.

In conclusion, the future of nanomaterial synthesis lies in refining existing methods, exploring
novel approaches, and expanding applications in diverse fields. The continuous advancement
in nanomaterial synthesis contributes to the development of innovative technologies with
far-reaching implications in medicine, electronics, and environmental science.
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