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ABSTRACT

Metallic nanoparticles (NPs) exhibit size- and shape-dependent properties that have positioned them at the forefront of nanoscience and
nanotechnology. Their synthesis spans top-down and bottom-up approaches, including direct, seed-mediated, and composite strategies, each
offering distinct advantages and limitations. Understanding nucleation, growth, and stabilization processes is essential to control morphology
and functionality, which in turn govern their optical, catalytic, and biological behaviours. This introductory review provide a didactic
overview of metallic NPs synthesis, highlighting the connection between structure and properties. Integrating historical context, theoretical
principles, and practical examples, this review outlines the key concepts linking the synthesis, structure, and behaviour of metallic NPs.
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1. Introduction and historical perspective depending on the illumination (Figure 1): when it is illuminated
from outside, and light is reflected, it appears green, while, when it
is illuminated from the inside, and the light is transmitted, the cup

displays a red colour [10].

Metals, such as Gold (Au), Silver (Ag), Platinum (Pt), Copper (Cu),
have been used since antiquity, when they were prized for their
ornamental and economic value and for their supposed healing
powers [1-4]. When these materials are brought to the nanoscale
range (10 m), they form structures called NP (from Ancient Greek
“vavog” (nanos), meaning “dwarf’) which exhibit different
properties when compared to the bulk metals, the most evident and
captivating change is seen in the variation of the colour.
Throughout history, several examples of the use of nanomaterials
are reported. Cu and Ag nanocrystals were found in glazed pottery
created by artisans in the Middle East in the 9" century [5]. Soluble
Au was believed to have impressive curative properties, and its

Figure 1. Lycurgus Cup (British Museum, London). When viewed in
reflected light, it appears green (A). However, when the light is transmitted
through the glass, it appears red (B). © The Trustees of the British Muse-
um. Shared under a Creative Commons Attribution-NonCommercial-
ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.

preparation and applications are described in two books dating
back to 1618 and 1676 [6,7]. Au and Ag NPs of different sizes are
the origin of the astonishing stained glass works: firstly developed
in Ancient Egypt and Ancient Rome, the peak of the stained-glass
windows creation was reached during the Middle Ages in the 12

century [8,9]. However, the finest example of the use of
nanomaterials in antiquity is represented by the Lycurgus cup, a
Roman cage cup-type vessel dating back to 4th century. Due to the
presence of Au-Ag alloyed NPs, it exhibits different colour

It was in 1857 that the observation of metallic NPs was described by
the English scientist Michael Faraday in his Bakerian Lecture [11].
He was, in fact, able to obtain a ruby coloured solution and
described how the colour was produced by fine particles of Au
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which are “very minute in their dimensions”, even though he could
not observe them with the microscopes available at the time [12].
Almost one hundred years later, in 1951, John Turkevich and his
colleagues observed the Au colloids with an electron microscope
[13]. Faraday also noted that “the particles are easily rendered
evident, by gathering the rays of the sun (or a lamp) into a cone by
a lens, and sending the part of the cone near the focus into the
fluid; the cone becomes visible, and though the illuminated
particles cannot be distinguished because of their minuteness, yet
the light they reflect is golden in character, and seen to be abundant
in proportion to the quantity of solid gold present.”[11] observing
the so-called Tyndall effect, also extensively studied in the same
time frame by the Irish physicist John Tyndall.

Later on, in 1908, another important contribution to the growth of
nanotechnology came from the German physicist Gustav Mie [14].
Mie theory is based on solving Maxwell's equations for
electromagnetic waves interacting with a spherical particle. It
describes the scattering and absorption of light by spherical
particles whose size is comparable to or larger than the wavelength
of the incident light and as NPs dimensions often fall within this
range, the theory is particularly useful for their study. The interest
towards nanotechnology and the synthesis of NPs with different
composition, morphology and applications has increased
significantly with a huge and constantly increasing number of

documents published on this topic.
2. Synthesis of Metallic NPs

The synthesis of NPs holds immense importance in various fields of
science and technology. The controlled synthesis of NPs enables
researchers to tailor their size, shape, composition, and surface
properties, allowing for precise manipulation of their
characteristics and functionalities. Metallic NPs, with their unique
physical and chemical properties, offer important opportunities for
advancements in different areas such as medicine, electronics,

energy, and environmental remediation.
2.1. Top-down and bottom-up approaches

The approaches for synthesising metallic NPs can be divided in two
greater categories: “top-down” and “bottom-up” [15,16]. “Top-
down” synthesis is based on the reduction of bulk materials, such as
larger particles or bulk powders, to NPs through controlled
mechanical, physical or chemical processes. Some of the most
commonly used techniques are ball milling, mechanochemical
synthesis, sputtering or laser ablation, where external forces are
applied to reduce the size of the material or to induce reactions at
the surface of the bulk reagents. On the other hand, “Bottom-up”
synthesis focuses on building NPs from atomic or molecular
precursors, gradually assembling them into the desired
nanostructures. This approach includes many techniques in solid
state (physical vapor deposition or chemical vapor deposition),
liquid state (sol gel methods, chemical reduction, hydrothermal
method, solvothermal method), gas phase (spray pyrolysis, laser
ablation, flame pyrolysis) and other methods including biological

synthesis, microwave or ultrasound techniques. One of the most

common methodologies among the “bottom-up” approaches is the
chemical reduction method or also called wet colloidal synthesis, in
which NPs are synthesized by controlling chemical reactions in a
solution. This process evolves through two different phases:
nucleation and growth.

2.2. Nucleation and Growth of Metallic NPs in Solution

The nucleation and growth processes are the steps involved in the
colloidal synthesis of metallic NPs [17,18].

2.2.1. Nucleation

Nucleation is a thermodynamic step that leads to the formation of
tiny clusters (or nuclei) from precursor species in solution. This can
be initiated by, for example, the addition of a reducing agent or
temperature variations. Nucleation can be distinguished by the way
it occurs:

Heterogeneous nucleation occurs at preferential sites such as,

phase boundaries, impurities or surfaces or particles present in
the system that act as nucleation sites and typically requires a
lower amount of energy to be initiated.

Homogeneous nucleation occurs when nuclei form spontaneously

in the reaction solution. It requires a higher amount of energy

together with other conditions such as supersaturation.
Nucleation is mainly explained by the Classical Nucleation Theory
(CNT) [19] in which, for a spherical particle of radius r, the total
free energy AG, is given by the sum of the surface energy y and the
free energy of the bulk crystal AG, (Equation 1):

AG = 4mr?y + %nr3AGv 1

The free energy of the crystal, AG, (Equation 2), is governed by
parameters such as temperature (T), Boltzmann’s constant (ks), the
supersaturation of the solution (S) and its molar volume (v)
(Equation 3).

_ —kgTInln (S)
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Because the surface free energy is positive while the crystal free
energy is negative, it is possible to find a maximum free energy
corresponding to a critical cluster size. The critical radius of the
nucleus identifies to the minimum size required for a particle to
persist in the solution without undergoing re-dissolution.
Conversely, when clusters exceed the critical radius r, growth
becomes favourable (Figure 2). The critical radius is expressed as
follows in Equation 4:

2y
Terit = — “
AG,

By substituting r in Equation 1 with critical radius from Equation 4
it is possible to obtain the expression for the critical free energy
AGc (Equation 5):
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Consequently, nucleation can be promoted by increasing the
supersaturation level, resulting in a reduction of the energy barrier
for nucleation and raising the temperature, which increases the
average atomic energy and facilitates the overcoming of critical
energy or by introducing a change in surface free energy, achievable
through the use of surfactants.

2.2.2. Growth

Different theories have been proposed to describe the growth of

NPs following nucleation. Some theories explain the growth of NPs

as atom-mediated while other as NPs-mediated. In the former, the

atoms act as building blocks that aggregate on the surface of a

growing nucleus, contributing to its expansion, while the latter

theory involves the addition of pre-existing NPs as the fundamental
units for further growth. The most representative theories are
summarized below:

« LaMer mechanism was one of the first nucleation and growth
theory to be proposed and is based on the CNT [20]. Developed
for a closed system, this model describes the formation of NPs in
three stages: first, an increase in the concentration of available
monomers within the solution which initiates the second stage, a
phenomenon called "burst nucleation," resulting in a substantial
decrease of free monomers in the solution (Figure 3). The
nucleation rate during this phase is characterized as "effectively
infinite", causing minimal nucleation activity thereafter due to the
diminished concentration of monomers, lastly growth continues
controlled by the diffusion of monomers through the solution.

o Ostwald and digestive ripening are mechanisms that propose to
explain the growth of NPs in solution. Ostwald ripening [21]
(Figure 4A) occurs due to differences in solubility and surface
energy between larger and smaller particles. Larger particles have

lower surface energy and are more thermodynamically stable,
leading to the preferential dissolution of smaller particles and
subsequent growth of larger ones. On the other hand, digestive
ripening [22] (Figure 4B) happens when bigger NPs dissolve and
the smaller ones grow. Digestive ripening can be initiated with
the addition of a ligand that will help the dissolution of the bigger
particles. With the equilibrium of the two process a more
uniform size distribution is achieved.

Coalescence and Oriented attachment are two mechanisms that

explain the growth of nanocrystals as "nanoparticle-mediated
growth", that occurs when smaller NPs, created in the initial
stages of the reaction, merge to create bigger NPs. For coalescence
[23] (Figure 5) there is no preferred merging site for the NPs that
will coalesce upon contact. Conversely, for oriented attachment
[24] (Figure 6) to happen, the NPs must present matching
crystallographic planes. This mechanism might occur following
collisions of aligned nanocrystals in suspension or when
misaligned NPs will rotate towards a low-energy interface
configuration.

2.3. Stability of NPs

Once NPs are synthesised, their stability in solution refers to the
ability of colloidal particles to remain dispersed in a medium
without aggregating or settling over time. Stability of NPs is crucial
for maintaining their properties and it is also important for their
further application. Multiple parameters govern colloidal stability,
including van der Waals (vdW) attraction, electrostatic double-
layer (EDL) repulsion, particle-size distribution, pH, temperature,
surface chemistry, and steric effects [25]. vdW attractive forces
(Figure 7A) result from the interaction of induced, instantaneous
or permanent dipoles in between NPs and tend to destabilize the
colloidal dispersion. These attractive forces are counteracted by
electrostatic repulsion generated by the NPs EDL (Figure 7B).
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Figure 2.The dependence of the cluster free energy, on the cluster radius, according to the CNT.
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Figure 3. The principle of nanoparticle nucleation due to LaMer’s mechanism of nucleation derived from CNT.
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Figure 5. Representation of coalescence in the synthesis of NPs.

Figure 6. Representation of an oriented attached mechanism.

(A) van der Waals attractive forces
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Figure 7. (A) Representation of Van der Waals interactions that can lead to nanoparticle aggregation. (B) Representation of the EDL, composed by the Stern
layer and the Diffuse layer. Adapted with permission from reference [25]. Copyright 2015 Royal Society of Chemistry under a CC BY 3.0 License https://
creativecommons.org/licenses/by/3.0/.
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The EDL is formed by the Stern-layer and the diffuse layer. The
surface charge of NPs, originating from surface ions or functional
groups, leads to the creation of the Stern layer formed by ions with
opposite charges adhering to the NP surface. The diffuse layer is
formed by ions carrying a charge opposite to that of the Stern layer.
The EDL results in a net charge, and when two similar particles are
in proximity, the EDL causes repulsion between them. The
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory uses vdW
forces and EDL to predict and explain NPs stability. The DLVO
theory also includes contribution of pH and ionic strength of the
medium. Steric stabilization (Figure 8), obtained through the
adhesion of molecules (polymers, proteins, surfactants...) to the
NPs surface, becomes a valuable tool in maintaining the dispersion
of NPs, especially in challenging conditions, as it prevents the
formation of attractive vdW interactions between two particles. The
stability is now determined by the solubility of the molecules,
average chain length, concentration or temperature. Steric
stabilization will be ineffective if the obtained coating is patchy or
incomplete.

2.4. Direct synthesis

Direct synthesis (also known as "one-pot") is the most
straightforward method to synthesise metallic NPs in solution. This
approach  combines nucleation and growth happening
simultaneously and in the same vessel. The metal precursor is
reduced, and the newly formed NPs need to be stabilized by a
capping agent present in the solution. One of the most commonly
reproduced one-pot syntheses is the Turckevich synthesis. Firstly
reported in 1951 [13], it involves the use of tetrachloroauric(III)
acid (HAuClL), which is reduced and stabilized by trisodium citrate
at 100 °C in water, for the preparation of spherical Au NPs with a
diameter of approximately 20 nm.

Early reports of one-pot synthesis of Ag NPs, where the reduction
of the metal precursor (AgNOs) is achieved using sodium
borohydride (NaBHj;) showed a less uniform size and shape
distribution [26]. More recently, the one-pot synthesis of
monodisperse Ag NPs, of approximately 10nm, was reported [27].
This methodology utilizes a combination of sodium citrate and
tannic acid as reducing agents for AgNO;. It is also possible to
obtain Pt NPs via a one-pot methodology [28]. In this case the
reduction of the metal precursor, hexachloroplatinic acid (H,PtCls)
is achieved with a combination of acetylthiocholine (ATC) and
NaBH,. While direct synthesis methodologies are popular due to
their simplicity, they often lead to NPs with a spherical

morphology, thus, to obtain a higher degree of control over

morphology and sizes of NPs it is necessary to resort to seed-
mediate syntheses.

2.5. Seed-mediated synthesis

In seed-mediated syntheses methodologies, pre-formed particles
are used as "seeds" and act as nucleation sites for the formation of
the desired NPs. Typically, this methodology allows for a finer
tuning of the NPs size and morphology. One of the first reported
examples is the synthesis of Au nanorods [29] starting from pre-
formed Au spherical seeds and utilizing cetyltrimethylammonium
bromide (CTAB) as a surfactant for the formation of the rod-
shaped NPs. Shortly after, the synthesis of Ag nanowires using pre-
formed Pt seeds and a polyol process, was reported [30]. This
approach is also applicable to spherical NPs. Starting from seeds
obtained with a one-pot methodology, researchers have been able
to grow Ag and Au spherical NPs [27,31] with a great control over
their size distribution. Proceeding after the first step, and using the
previously grown NPs as seeds, the process has been extended to
several NPs generations obtaining spheres up to 200 nm. However,

a greater understanding of the nature of the seeds and an

appropriate choice of capping agents and surfactants, can lead to

the synthesis of a broader variety of morphologies [32].

A seed can be characterized by two elements: the internal structure

(or crystallinity) defined by planar defects such twin planes or

stacking faults, and the surface structure (or faceting). Most noble

metals crystallize in the face centred cubic (fcc) lattice, which can
be explained as the stacking of closely packed, hexagonal arrays of
atoms along the (111) direction.

« Single-crystal seeds do not present any planar defects and consists
of only one single-crystal domain. They can be obtained when a
strong reducing agent is used for their preparation.

« Singly twinned seeds present one planar defect, a (111) plane that

serves as a twin boundary dividing the seed in two crystal

domains. Metals such as Cu, Ag, Au often produce this type of
seeds.

Multiply twinned seeds are characterized by the presence of more

than one twin defect. This type of seeds can be helpful in the
synthesis of highly anisotropic NPs, thanks to the in-
homogeneous distribution of the defects.

« Plate-like seeds are generated when stacking fault defects are
present. The synthesis of this type of seeds is more intricate, due
to the necessity of having a kinetic control over the growth of the
NPs. Slow deposition of the atoms, use of mild reducing agents
and the use of strong ligands are some of the favoured strategies
(32].

d

Figure 8. Representation of NPs covered with a polymer avoiding particle interaction due to steric repulsion. Adapted with permission from reference [25].
Copyright 2015 Royal Society of Chemistry under a CC BY 3.0 License https://creativecommons.org/licenses/by/3.0/.
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Capping agents also influence the homogeneous nucleation over a
pre-formed seed. Some molecules bind strongly to certain metals
while other have a weaker interaction (for example, citrate will
weakly bind to Au, while thiols will have a much stronger
interaction). The combination between the affinity of a capping
agent for a metal/specific facet will have an influence on the growth
of the final NPs, as a facet that is selectively capped will be more
expressed during the growth [32].

Seed-mediated protocols provide a wide range of potential
morphologies beyond the nanorods and spheres mentioned earlier.
Additional
syntheses include nanoplates [33], nanocages or nanoframes [34],

morphologies achievable through seed-mediated
and branched NPs (also referred to as nanostars, nanoflowers,
multipods or dendritic NPs, based on the branches number and
distribution) [35]. Nanoplates represent an important class of
anisotropic nanostructures distinguished by their pseudo-two-
dimensional morphology with large lateral dimensions compared
to thickness. One of the earliest reported examples is photoinduced
method for the conversion of Ag nanospheres into triangular
nanoprisms. In this process, light irradiation induces the
fragmentation of spherical Ag NPs into small clusters that
contribute to the growth of nanoprisms, acting as seeds, until all
precursors are consumed. [36]. Around the same period truncated
Ag nanoplates have been prepared through a soft-template
approach using CTAB micelles [37] while PVP-assisted syntheses
enabled the formation of nanoplates of other metals such as Au and
Pd [37]. The formation of these plate-like structures has been
associated with the presence of planar twin defects along the (111)
crystallographic planes, which break the symmetry of the face-
centred cubic lattice and promote two-dimensional growth.
Additionally, selective ligand adsorption on specific crystal facets
stabilizes the basal planes and restricts growth along the
perpendicular direction, further favouring the plate morphology.
One of the most striking features of this materials, when
synthesised with plasmonic metals such as Au and Ag, is the
possibility of tuning the LSPR band over an extensive range, from
the visible to the infrared, by tuning the aspect ratio of the
nanoplates by changing the synthesis conditions [38-40], making
them ideal candidates for sensing applications [39].

Nanocages are a unique class of hollow nanostructures
characterized by high surface-to-volume ratio, accessible inner
cavities, internal and external surfaces and porous walls. hey are
most commonly synthesized through galvanic replacement
reactions, where a less noble metal is oxidized and dissolved while a
more noble metal is reduced and deposited onto its surface. In one
of the first reported examples [41] Ag nanostructures were used as
templates and reacted with HAuCl,, where Ag was oxidized to Ag*
while Au** was reduced and deposited on the template surface,
forming hollow Au shells after the complete consumption of Ag.
The morphology, wall thickness, and void size of the resulting
hollow structures were dictated by the size and shape of the Ag
templates. This methodology was later extended to other noble
metals, such as Pt and Pd, to further demonstrate the potential of
this approach which was subsequently adopted for the synthesis of
[42] both single- and double-shell nanocages (Au-Pt, Pt-Au, Au-
Pd, Pd-Au, Pd-Pt, and Pt-Pd) via sequential galvanic replacement

steps. The optical and plasmonic characteristics of these hollow
nanocages were found to depend strongly on the dielectric
properties and shell thicknesses of the constituent metals. More
recently, a seed-mediated method combining Pd nanocube
templates, Pt-Ru deposition, and subsequent chemical etching to
obtain multimetallic PdPtRu nanocages was reported [43]. The
resulting nanocages exhibited open, hollow structures with tunable
compositions and demonstrated significantly enhanced catalytic
activity and durability. Overall, galvanic replacement and related
template-mediated strategies have proven to be powerful synthetic
routes for producing nanocages with controllable morphology, wall
thickness, and composition. These advances have established
nanocages as versatile materials for applications in catalysis,
plasmonics, and energy conversion.

Branched NPs have been obtained with different metal precursors.
Ag nanoflowers have been obtained from the reduction of [Ag
(NHs)2]* by ascorbic acid, in the presence, polyvinylpyrrolidone
(PVP) as stabilizer, trisodium citrate and employing single
crystalline silver seeds [44]. Pd nanostars were obtained using a two
-step seeded growth process, using PdCls* as precursor, ascorbic
acid as reducing agent, CTAB as stabilizer, and copper (II) acetate
to promote the anisotropic growth of different morphologies
different
methodologies have been reported, either using Pt seeds [46] in

depending on its concentration [45]. For Pt
presence of PVP to produce single crystal NPs or Au seeds [47] to
catalyse the thermal decomposition of PtCl, in oleylamine. Rh
multipods have been prepared with the reduction of RhCl; in
ethylene glycol in presence of PVP using Rh seeds [48].

Great research effort has been dedicated to creating branched Au
NPs, thank to their intense and highly tunable Localized surface
plasmon resonance band (LSPR), enabling applications in different
fields [49]. One of the first report of Au branched NPs involved the
use of PVP in dimethylformamide (DMF) both as reducing and
stabilizing agent and PVP coated seeds [50]. Following the first
reports on the role of AgNOs as shape inducing agent for the
synthesis of Au nanorods[51,52], a similar methodology has been
applied for the synthesis of branched Au NPs in combination with
the use of surfactants such as CTAB [53,54]. The use of branched
NPs in sensing and biomedical applications has been limited by the
potential toxicity of surfactants like CTAB, and by the difficulty of
replacing the stabilizing agents (i.e: PVP, CTAB), for further
functionalization. Surfactant-free synthesis can help to advance in
the bioapplication of branched NPs. Such syntheses are for example
obtained with sodium citrate and hydroquinone, ascorbic acid or
albumin [55-57]. Anisotropic metal NPs represent a highly
versatile class of nanostructures whose design has evolved from
spheres and rods to more complex morphologies such as
nanoplates, nanostars, nanocages, multipods, and chiral or
hierarchical architectures. The emergence of such complex
architectures further illustrates the structural diversity attainable
through colloidal synthesis. The ability to modulate shapes and
composition at the nanoscale enables fine control of optical,
catalytic, and electronic responses, supporting applications that
span from SERS and chemical sensing to photocatalysis,
photothermal therapy, and energy conversion [58].
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2.6. Synthesis of Composite NPs

Composite NPs possess a structure comprising two or more
components at the nanoscale, each exhibiting distinct physical and/
or chemical properties. These components possess mutual contact
interfaces, leading to a strong coupling effect on a nanometer scale.
Composite NPs can combine the effects of individual components
or enhance intrinsic performance and exhibit novel features,
surpassing the limitations of single-component properties.
Examples of composite NPs studied in this thesis work include
bimetallic NPs in core@shell or alloyed morphology and
metal@oxide core@shell NPs such as metallic NPs with a bulk or

mesoporous silica (SiO,) shell.

2.6.1. Bimetallic NPs

Bimetallic NPs can be synthesised in solution with similar

approaches compared to their mono-metallic counterparts (“top-

down” or “bottom-up” approach and direct or seed-mediated
syntheses). The presence of the two metallic precursors will
determine the final composition of the particles [59]. For the

“bottom-up” approach, if the two precursors are reduced

simultaneously, it is likely that the NPs will present an alloyed

structure (Figure 9A). The two metals might be present in a

statistical mixture [60] or some zones of the particles might exhibit

a richer composition of one of the two metals without complete

segregation [61]. Conversely, if the second metal precursor is added

to a pre-formed particle (like in a seed mediated synthesis) different
outcomes are possible:

« Formation of a core@shell structure: In this case the second metal
will be reduced on the surface of the NPs creating a shell that can
be continuous or patchy (Figure 9B).

« Formation of a hollow structure: This process is also referred to as
"galvanic replacement” and it consists of a redox process between
the pre-formed metallic NPs (sacrificial template), and metal ions
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in solution. The difference in the electrical reduction potential
between the sacrificial template and the metal ions in solution
provides the driving force for the reaction in which the template
will undergo oxidation and dissolution while the second metal
ions will reduce and deposit at the surface of the template. The
resulting hollow NPs will have a composition richer in the second
metal. Carefully tuning the relationship between the two metal
can lead to different compositions of the hollow structures
(Figure 9C) [62,63].
Bimetallic NPs can also by synthesised through “top-down”
methodologies, an example of this is the laser ablation method in
which a bulk alloy is irradiated with a laser to obtain bimetallic NPs
(Figure 9D) [64-66]. With this methodology it is also possible to
obtain ligand-free NPs [67].

2.6.2. Noble metal@oxide core@shell NPs

Controllable integration of different materials such as noble metals
(Au, Ag, Pt, and Pd) and oxides (SiO,, TiO,, CeO,, Cu;0, Fe,0s,
ZnO, SnO, and ZrO, [68-70] ) into a single nanostructure has
recently become a popular research topic as these nanostructures
not only combine the function of individual NPs, but also bring
unique collective and synergetic properties compared with single-
component materials [71]. Moreover, an oxide shell can offer extra
stabilization preventing the NPs aggregation or synthetisation
when exposed to harsh conditions. Metallic NPs can be integrated
in an oxide matrix in different ways such as: core-shell [72] or yolk-
shell [73] structures, referring to a single noble metal core
surrounded by a metal oxide shell or a single movable noble metal
core inside a hollow metal oxide shell, respectively, but also
multiple noble metal cores [74] coated with a metal oxide shell or
sandwich structures [75] between multiple metal NPs and a oxide
layer, or multiple noble metal NPs embedded [76] within metal
oxide matrices.
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Figure 9. Schematic illustration of common synthetic strategies for bimetallic NPs. (A)Co-reduction: simultaneous reduction of two metal precursors yields
alloyed NPs with a mixed atomic distribution. (B)Core-shell growth: sequential nucleation produces NPs where one metal forms the core and the second
metal forms the shell. (C) Galvanic replacement: a sacrificial template undergoes partial dissolution, leading to hollow or porous bimetallic structures. (D)Top-
down methodologies: bulk alloys are fragmented through processes such as laser ablation, sputtering, or ball milling.
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Some of the first reports of these types of materials concerns the
growth of Au-labeled SiO, particles [77] and a homogeneous SiO,
shell on Au NPs [78]. These studies were motivated by the necessity
of stabilizing the particles without hindering their properties and
for this purpose SiO, has been proved to be an ideal candidate due
to its inertness and transparency. Due to the scarce affinity of Au
for SiO, (vitreophobic character), caused by the absence of the
formation a superficial passivating oxide film in solution and to the
presence of organic anions, the NPs had to undergo a
functionalization =~ step  using aminopropyltrimethoxysilane
(APTMS) to prime the surface for the following SiO, growth,
making it vitreophilic. The SiO, growth was then promoted on the
NPs acting as nucleation sites, applying the Stober method via
hydrolysis and condensation of tetraethylorthosilicate (TEOS, Si
(OC,Hs)s) in an alcohol/water mixture [79]. This method had been
also applied to the coating of Ag NPs [80] and the first test of this
composite system in the catalysis of a redox reaction [81].
Moreover, both Au@SiO, and Ag@SiO, have been subjected to
harsh condition to demonstrate core corrosion. This consequently
demonstrates that the SiO, layer has an inherently porous character
that allows for diffusion of metal ions and/or reagents through the
pores [82]. These experiments demonstrated that the SiO, layer will
not hinder the properties of the metallic core, thus paving the way
for a series of applications of these nanocomposites. Further
methodologies have been explored to prevent the dissolution of
more sensitive cores, such as Ag, and to stabilize NPs before the
SiO; coating synthesis such as the use of PVP [83], polyethylene
glycol (PEG) [84], layer-by-layer (LbL) polyelectrolyte wrapping
[85], use of surfactants [86], glucose [87]. To obtain composite
nanomaterials with a greater variety of properties and possible
applications is it also possible to synthesise a mesoporous silica
coating. This type of material is characterized by the presence of
ordered pores in between 2 nm and 50 nm in diameter. The first
example of a tunable mesoporous silica structure (called MCM-41)
(Figure 10) was obtained with the use of surfactants. These
surfactants form micelles in the synthesis solution and the micelles
form templates that create the mesoporous framework around
which the silica precursor will condense to form the final structure.
The template was then removed by calcination. For the MCM-41
synthesis the most used surfactant was CTAB [88]. Spherical Au
NPs are among the first examples of metallic NPs individually
coated with a mesoporous SiO; layer [89,90]. In the first reports, the
NPs were subjected to the vitreophilization process [78], previously
reported for amorphous SiO; coatings, and also were coated with a
thin layer of dense SiO; before the mesoporous coating synthesis. A
more direct approach for the mesoporous shell synthesis has been
demonstrated on Au nanorods [91], in this process CTAB was used
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a both NPs stabilizer and SiO, template, without the necessity of the
intermediate vitreophilization step. Similarly, the precise control
over the shell thickness was achieved by regulating the TEOS
amount and addition rates and/or by stopping SiO. condensation
with PEG-silane at the desired thickness [92]. Since then, different
metals and their respective oxides have been encapsulated in a
variety of mesoporous SiO, shells architectures leading to the
application of these composite nanomaterials in a variety of fields
(biomedicine, catalysis, sensing, gas storage) [93,94].

2.7. Biogenic synthesis of NPs

Biogenic synthesis of NPs, frequently referred to as "green
synthesis," consists of group of methodologies for the synthesis of
NPs with the use of naturally sourced molecules and organisms
[95,96]. These methodologies can be categorized into two main
groups:
« Plant-mediated: this group of syntheses includes intracellular and
extracellular (plant extracts or extracted phytochemicals)
processes. Some plants have the capability of accumulating metals
and produce NPs thanks to the variety of molecules present in
their the

predominant approach involves the utilization of plant extracts.

structure. While various methodologies exist,
The extracts serve dual roles as reducers and potential stabilizers
or capping agents. They are added to the solution containing the
metal precursor and, thus, most methodologies are classifiable as
"direct syntheses".

« Microbial synthesis: several microorganisms such as bacteria,
fungi, algae, yeasts and viruses are also reported to synthesize
metallic NPs. Depending on the type of microorganism the
synthesis can happen intracellularly or extracellularly. The
extracellular synthesis method is favoured for its straightforward
and simpler purification steps. Conversely, the intracellular
synthesis presents challenges and higher costs due to the necessity
of additional separation and purification steps. The formation of
NPs during the microbial synthesis process occurs through the
oxidation/reduction of metallic ions by biomolecules secreted by
microbial cells (enzymes, sugars, carbohydrates, proteins).
Nonetheless, the microbial synthesis pathways are not yet
completely understood due to the variation among the different
microorganisms.

Biogenic synthesis of NPs offers clear advantages: it is eco-friendly

and produces biocompatible NPs. Some of the synthesised NPs

might retain biological activity deriving from the source material
and can subsequently be applied in areas such as antimicrobial
coatings, agricultural products, and environmental remediation

[97,98].
Calcination
@

Figure 10. Synthesis pathway of MCM-41. Reproduced from Hermann Luyken - Own work, CCO, wikimedia.org/w/index.php?curid=32258196.
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On the other hand, these protocols might also present significant
drawbacks. When using plants extracts, the availability of the
plants, fruits, and flowers and the composition of their extracts
might depend on seasonality, geography and growth conditions,
which in turn affects reproducibility, scalability, and NPs purity
[97]. The plants or their extract might also have to be preserved
before their use, and this increases the energy cost of the process
[99]. Similarly, microorganisms might have to be grown for the
purpose of synthesis, adding a costly step, in terms of time and
energy, to the process. Oftentimes, the NPs obtained with biogenic
synthesis lack in monodispersity (size and shape) and stability
making their application and scalability more challenging
[100,101]. Nevertheless, advances in synthetic protocols continue to
improve the morphology and monodispersity of biogenically
produced NPs [102].

3. Optical Properties of Metallic NPs

‘Metals’ optical properties are governed by conduction electrons
that move freely on the metal. An electromagnetic source can
influence and drive the movement of these electrons. The
electromagnetic source can induce an oscillation that resonates
with the shape of the metal surface and in this case a surface
plasmon resonance is generated [69,103,104].

At the macroscopic level, when an electromagnetic wave interacts
with the metal, the electric field of the wave can cause the collective
oscillation of the electrons, this phenomenon is known as surface
plasmon. The Drude’s model describes the frequency at which this
collective oscillation occurs as the bulk plasma oscillation frequency
(wp) (Equation 6).

2
Wp = \/% O)

Where Nj, represents the mobile electrons (holes) density, e is the
charge of the electron, my is the electron (hole) effective mass & is
the dielectric permittivity of vacuum.

When metals are in nanometres range, such as in NPs with a size
comparable to a wavelength, and all the NPs are illuminated with
the appropriate wavelength to produce resonance, then a LSPR is
produced. LSPR in NPs depends on several factors, such as the
metal type, the size and shape of the NP, and the surrounding
media. Every metal has a complex dielectric function (&) that
depends on the wavelength A according to the Equation 7:

emO\) = €real (}‘) + Eim()\) (7)

The real part of the dielectric function determines the frequency at
which electron oscillation resonance occurs, while the imaginary
part incorporates the broadening and absorptive dissipation of this
resonance due to damping and dephasing of the electron
oscillations. In this context, the dielectric constants for NPs at
different wavelengths are assumed to match those of bulk metals.
For most metals, excluding some noble and alkali ones, &n is
typically very large, which suppresses the excitation of surface
plasmons in the visible region. Meanwhile, &, which correlates
with the ability to absorb light, is negative for alkali and noble

metals. In non-noble metals, interband transitions contribute
positively to &, hindering the excitation of surface plasmon
modes in small metal spheres. For example, both Au and Ag NPs
exhibit intense LSPR, but the Ag LSPR exhibits markedly greater
intensity compared to Au. This difference can be attributed to the
disparities in their &m. Ag possesses a notably smaller &m,
consequently experiencing lower dissipative losses than Au. This
translates to a higher scattering quantum yield for Ag NPs,
indicating a greater proportion of incident light being scattered as
opposed to absorbed.

Furthermore, the narrower bandwidth and sharper LSPR peak
observed in Ag NPs can be ascribed to the combination of a smaller
Em and a steeper slope (reflecting a greater magnitude) of the real
component of the dielectric function & This leads to a more
restricted range of resonant frequencies, resulting in a sharper peak
in the LSPR spectrum. Consequently, Ag NPs surpass Au in terms
of their light-scattering efficiency within the vis-NIR region [105].
The size of the NPs affects their optical and electronic properties
due to the quantum confinement of the conduction electrons, thus
absorption wavelength is directly proportional to the radius of NPs,
so as the NP size decreases the LSPR wavelength also decreases
(Equation 8):

A
Y= Yoo + ot ®

where y. is the scattering rate of the free electrons in bulk metal, A
is a constant, v¢ is the Fermi velocity of the electrons, and R is the
radius of the NPs. The shape of the NPs can change the surface
polarization, and therefore LSPR at desired wavelengths can be
achieved by synthesising NPs with different morphologies. The
relationship between the LSPR shift and shape of particles can be
established as in Equation 9:

AN 1-n
= ﬁ}‘sp € t+ (T) €medium (9)

A
Where N is the electron density in the metals, Ay is the SPR
wavelength for metals, €. is the high-frequency contribution to the
metal dielectric function, Emedium is the dielectric constant of the
medium, and 7 is the particle shape factor.
In addition to the dipolar mode (Figure 11), which is the most
commonly observed and studied mode, higher-order modes such
as the quadrupole and octupole LSPR can also occur in plasmonic
NPs. These higher-order modes involve more complex charge
distributions within the NP, resulting in resonances at higher
energies compared to the dipolar mode. The quadrupole LSPR
involves the collective oscillation of electrons along two
perpendicular axes, leading to a quadrupolar charge distribution
within the nanoparticle. Similarly, the octupole LSPR involves the
collective oscillation of electrons along three perpendicular axes,
resulting in an octupolar charge distribution. Because of the more
complex charge distributions involved in higher-order modes, their
energies typically increase with increasing multipole order. This
means that quadrupole LSPR occurs at higher energies than dipole
LSPR, and octupole LSPR occurs at even higher energies than
quadrupole LSPR (Figure 12) [106]. Moreover, LSPR is sensitive to
the surrounding medium and its absorption wavelength maximum

8|1-21: 9



Silvia Nuti ef al., 2025 | Translational Chemistry

/ Electric field
/ Electron cloud

Metal NP

Figure 11. Illustration of the dipolar surface plasmon resonance, with the collective oscillation of the conduction band electrons due to an incident electric

field.
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Figure 12. Calculated UV-vis extinction (black), absorption (red), and scattering. (blue) spectra of Ag nanostructures, illustrating the effect of a nanostruc-
ture’s shape on its spectral characteristics. An isotropic sphere (A) exhibit spectra with a single resonance peak. Anisotropic cubes (B), tetrahedra (C), and
octahedra (D) exhibit spectra with multiple, red-shifted resonance peaks. The resonance frequency of a sphere red-shifts if it is made hollow (E), with further
red-shift for thinner shell walls (F). Reproduced with permission from reference [106] Copyright 2006 American Chemical Society.

Amax changes as the dielectric constant € or refractive index n of the
medium is changed. The LSPR frequency can then also be shifted
by varying the environment (stabilizer, functionalization or solvent
molecules) and as a consequence the dielectric constant of the NPs-
environment system. The field induced by the conjunct of NPs and
their medium can be written in the form of effective polarizability
and dipole moment as given by Equation 10:

p=€naE, (10)

Where p is the effective dipole moment of the NP-medium system,
E, is the incident electric field, a is the dipolar polarizability and &m
is the dielectric constant of embedding media. When the NPs are
coated with a dielectric material of thickness d and dielectric
constant &g, then polarizability a is defined by Equation 11:

_ 3 €d€a—€a€p
a = 4mey(R+d) acatZemer (11)
Where a is the NP’s radius and & is the dielectric constant of the
NP. Similarly, b is the total radius of the NP-medium system and &
is the dielectric constant of the NP-medium system. A red-shift in
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absorption spectra is observed with the increase in the dielectric
constant of the environment. The magnitude of the spectral shift AK
for NPs is described in Equation 12:

—2d
A\pax = mAn (1 —eld ) (12)

Where m is the bulk refractive-index response of the NPs, An is the
change in the refractive index induced by the adsorbate, d is the
effective adsorbate layer thickness, and €d is the characteristic
electromagnetic field decay length. Thus, shell materials with a
higher refractive index will lead to a larger red-shift with
broadening of LSPR peaks.

4. Application of Metallic NPs

Metallic NPs, thanks to the huge variety of structures and
composition, play a crucial role in various fields, from electronics to
healthcare to agriculture and environmental remediation [93,107].
Some of these applications, where plasmonic and composite NPs
are applied, are discussed below.

4.1. Healthcare
The healthcare sector includes a diverse array of needs and
applications. A few applications where NPs have an impact are

presented below.

4.1.1. Antibacterial activity and Antibiotic resistance

In recent years, significant efforts have been directed towards
addressing the ever increasing problem of antibiotic resistance
[108], whether by seeking alternatives or enhancing the efficacy of
existing antibiotics through the integration of nanomaterials.
Additionally, great efforts have been devoted to exploring methods
to prevent bacterial proliferation on surfaces and biofilm
formation. Ag NPs are undoubtedly the most extensively studied
NPs for mitigating antibiotic resistance as their antibacterial
properties have been known for centuries [109]. However, more
recently also Cu and ZnO NPs have been investigated for their
intrinsic antibacterial activity [110,111]. Ag and ZnO NPs have
demonstrated synergistic effect with several antibiotics against a
variety of bacteria through diverse modes of action, such as metal
ions release, non-oxidative and oxidative stress [112-114].
Additionally, Ag, Cu, and ZnO NPs have shown the ability to
synergize with conventional antibiotics and disrupt bacterial efflux
pumps, a key mechanism involved in biofilm formation [115].
Research has concluded that Ag NPs can enhance the efficacy of
antibiotics against pathogens commonly encountered in veterinary
medicine, regardless of antibiotic resistance [116]. NPs with
antibacterial properties can be also integrated in devices. Ag, Au,
Cu, ZnO and TiO, have demonstrated to be able to increase the
antibacterial properties of chitosan when applied as wound
dressing to avoid bacterial contamination and infections, and also
by enhancing healing through the regulation of re-epithelialisation
and inflammation [117]. Moreover, medical implants, catheters,
and healthcare fabrics can be integrated with metallic antibacterial
NPs to mitigate infection risks and bacterial transmission in

healthcare setting [118]. Tri-elemental AgCuMg NPs, despite being
in the early stages of development, have demonstrated antibacterial
activity against both gram-positive and gram negative bacteria
when integrated into coatings [119]. Similarly, hydrogel coatings
loaded with Cu NPs have exhibited pronounced antibacterial
properties and adhered well to stainless steel medical equipment
[120]. Recent research has emphasised the significance of surface
topographies in conferring antibacterial properties. Different
morphologies found in nature are being studied for their potential
to further enhance antibacterial surfaces. The combination of
antibacterial surface topographies and antibacterial NPs holds
promise in reducing infections and controlling their spread
[121,122]. The primary drawbacks of using NPs for their
antibacterial properties might be a limited stability on the NPs and
an excessively fast ions release from the particle. Composite NPs,
such as Ag@mesoporous SiO, NPs, have the potential to overcome
these disadvantages and confer superior properties compared to
bare NPs. Thanks to the accessible and porous network of the
protective SiO; layer, the encapsulated nanocrystals can release
antibacterial Ag ions in a steadier and continuous manner [123],
furthermore the SiO, shell can help to prevent aggregation and
increase the NPs solubility. The mesoporous channels can then be
additionally used for encapsulation of active molecules, such as
antibiotics, to treat antibiotic resistant infections [124] or to
accelerate the healing of infected wounds [125].

4.1.2. Imaging, diagnosis and cancer treatment
Plasmonic NPs, due to their unique optical properties, find

applications in diagnostics, particularly for biomedical imaging of
tissues and for the detection of cancer cells. The composition and
the shape of the NPs are adjustable, thus making it possible to tune
the NPs based on the desired scattering [126]. For instance, NPs
that scatter light in the near-infrared (NIR) range allow for a high-
resolution deep tissue bioimaging [127]. Furthermore, NPs can be
functionalized with antibodies, aptamers, or peptides to confer
specific cellular binding features, thereby enhancing imaging
precision and detection sensitivity. The functionalized NPs can be
assembled to obtain a "detection kit" for a series of different diseases
[128,129]. Coating NPs with a mesoporous SiO, shell can increase
the biocompatibility and the cell up-take of the nanomaterial
making them suitable for potential in vivo imaging applications.
For example, biomolecule - conjugated Au nanorods encapsulated
in a mesoporous SiO; shell were specifically taken up by cancer cells
in vitro [130]. Mesoporous SiO, can also be modified with
functional groups and conjugated with biomolecules for specific
labelling of cells. Photoacoustic imaging, an emerging technique in
biomedical imaging, can be significantly enhanced through the use
of plasmonic NPs as contrast agents. In this imaging modality, a
short laser pulse is directed onto the tissue under examination,
causing rapid thermal expansion and the generation of ultrasound
waves. These waves are then captured by ultrasound transducers
and translated into high-resolution images. Au NPs are favoured in
this application due to their
functionalization, and adjustable LSPR. Current research efforts are

biocompatibility, ease of

concentrated on optimizing NPs for photoacoustic imaging within
the second NIR window (1000 - 1700 nm). This spectral range

8]1-21: 11



Silvia Nuti et al., 2025 | Translational Chemistry

offers reduced background noise and scattering in biological
tissues, thereby facilitating clearer and more precise imaging [131].

Other than diagnosis, plasmonic NPs can also find application in
therapy. When plasmonic NPs are irradiated at their resonance
wavelength they will generate a temperature rise in their proximity.
This effect has found application in photothermal therapy, that is a
non invasive technique utilized for cancer treatment. Plasmonic
NPs, and particularly Au NPs are excellent candidates for this
therapy due to the easy cell take-up, easy functionalization for
specific cells targeting, and easy LSPR tuning. For photothermal
therapy, the 650 - 900 nm range is preferred for application because
minimal skin and tissue absorption allows light to penetrate deep
into tissues in a non-invasive manner. The generated heat can
induce thermal damage to cancer cells, leading to their destruction
and vascular disruption that consist in damaging the tumour's
blood vessels, compromising the tumour's viability [132,133].
Composite NPs can also add extra functionalities to the
photherapic treatment such as the delivery of a drug encapsulated
in a mesoporous structure [134,135] or in a hollow plasmonic
structure [136]. The generated heat can act as a trigger for the
release of an encapsulated drug, while profiting of the augmented
cell membrane permeability due to higher temperature [93,137].
Additional functionalities, such as magnetic properties, can
enhance the NPs targeting of cancer cells through magnetic-guided
photothermal therapy [138].

4.2. Sensing

4.2.1. Plasmonic sensing
NPs are particularly sensitive to their surrounding environment

and this property made them to find application as plasmonic
sensors for ex-situ analysis. Plasmonic sensors can detect subtle
changes reflected in modifications of the LSPR of the colloidal
system. Due to their outstanding optical properties, Au and Ag NPs
are mostly used for this type of sensing. Analytes can be detected ia
a yes/no fashion or also quantified as a consequence of different
phenomena [139]:

- Analyte detection based on aggregation of NPs: the addition of
analytes to the colloidal system can cause a decrease the inter-
particle distance of the NPs leading to their aggregation and to a
change in shape and position of the LSPR. The amount of analyte
can be estimated with spectroscopic or colorimetric techniques
[140,141].

Analyte detection based on oxidation of NPs: in the presence of

analyte NPs can undergo oxidation, thus the number of metallic
NPs in solution will decrease leading to a change in the colour of
the solution and of the LSPR intensity. The analyte quantity can
then be estimated observing the changes at a specific wavelength
[142].

Analyte detection based on dimensional change of NPs: certain

analytes can cause a change the morphology/dimension of the

NPs. In this case, a change in the LSPR profile will be observed,

some bands will be quenched while others might appear [143].
Plasmonic NPs applied in sensing might undergo extra
functionalization with different molecules such as oligonucleotides,
proteins and amino acids, organic polymers, and organic

compounds. Functionalized plasmonic NPs can provide specificity
towards target analytes, allowing for higher selectivity and
sensitivity in the detection process. Functionalization can enhance
the stability and dispersibility of the NPs and further regulate the
detection mechanisms [144].

4.2.2. Surface-Enhanced Raman Spectroscopy

Raman scattering is inherently a weak phenomenon up to ten
orders of magnitude weaker than fluorescence [145], but it offers
high specificity. The combination of Raman’s specificity with the
plasmonic  field enhancement provided by plasmonic
nanostructures, known as Surface-Enhanced Raman Spectroscopy
(SERS), first observed in 1973 for pyridine adsorbed on a
roughened silver electrode [146], can exponentially increase the
intensity of Raman signals, enabling the detection of even single
molecules of analyte [107,147,148]. Molecules adsorb onto the
surface of metallic nanostructures, and when laser light is directed
onto the substrates, it interacts with the LSPR of the NPs, resulting
in a significant enhancement of the Raman scattering signal. SERS
can be performed either in a colloidal solution or, more commonly,
with the solution containing the analyte deposited on a surface
previously functionalized with metallic NPs. The shape, size, and
arrangement of the NPs greatly influence the enhancement of the
Raman signal. Au and Ag NPs, both in pure and alloyed
compositions, are the most commonly used. A greater field
enhancement occurs when NPs exhibit tips, cavities, and overall
anisotropic morphology [145]. Additionally, the disposition and
inter-particle distances of the NPs determine the effectiveness of a
SERS substrate [147], in this case SiO, shells can be employed to
further regulate the arrangement and distances between NPs.
Mesoporous SiO; is generally preferred, as its channels permit the
diffusion of analyte molecules to come into proximity with the
metallic surface. Moreover, the shell can serve a protective function,
increasing the stability of the NPs and preventing possible
aggregations and reshaping phenomena [93].

4.2.3. Surface-Enhanced Fluorescence

The phenomenon of fluorescence is widely used in sensing, thanks
to its fastness, reliability and high sensitivity. However, the major
limitation is constituted by the quantum yield and fluorescence
lifetime of the fluorophore [149]. Similarly to SERS, plasmonic near
-field enhancement can enhance the light emission by fluorophores
located in close vicinity of metallic nanostructures, in a
phenomenon known as Surface-Enhanced Fluorescence (SEF). A
crucial parameter for SEF is the distance between the NPs and the
analyte molecules. Fluorophores can not, in fact, be in contact with
the metallic surface, otherwise their emission will be quenched,
while a distance of a few nm will dramatically increase it. As
spacers, either thin metal oxide layer or SiO; layers can be used, the
latter being more flexible regarding the possibility of synthesising
shells with different thicknesses. SiO, shells can be also further
functionalized to increase the detection of specific analytes [93].
Alloyed NPs with tunable composition and SiO, shells with
multiple functionalisation's, combining the scattering of NPs and
the SEF effect, can provide a platform for multiplex-detection
allowing for the detection of numerous targets within the same
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sample, thus providing a comprehensive view of the system
[107,150].

4.3. Catalysis

Catalytic processes have brought significant advancements in
research and technology, enabling the production of fertilizers,
plastics, chemicals, and environmental remediation, such as the
catalytic removal of pollutants from car exhausts.

4.3.1. Metallic NPs in catalysis
Metallic NPs have shown potential in the field of catalysis, as their

properties are different from the one of their bulk counterparts and
the reduction of the size brings an increment in the high surface to
volume ratio, and thus active sites for the catalysis to happen. The
composition, size and shape of the NPs are of great importance in
the determination of the catalytic properties of the nanocrystals.
For example, Au bulk surfaces are known to be inert, but in 1987 it
was discovered that Au NPs were effective for low temperature CO
oxidation [151,152]. Decreasing the size of the NPs can lead to an
increase in the number of corner atoms and edges, that will lead to
a higher degree of surface unsaturation. This variation can impact
the bond strength of reaction intermediates with the catalyst, while
corners and edges also offer diverse surface configurations for
molecules to adsorb [153-155]. An increase in edges and corners is
also obtainable with the synthesis of anisotropic NPs. Shape, that
means which crystal facets are exposed to the reagents, has a
significant importance on the catalytic properties of the NPs.
Specifically, NPs that present tips and edges, considered active sites
for the catalytic reaction, usually display better properties. When
NPs have a quasi-spherical shape and exhibit only (111) low energy
facets, their catalytic efficiency is usually lower compared to NPs of
the same metal but with different morphologies that expose higher
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energy (100) facets [156]. Furthermore, shape can also determine
the selectivity of a reaction, for example in the benzene
hydrogenation over cubic and cuboctahedral Pt NPs.
Cuboctahedral NPs, characterized by the presence of (111) facets,
lead to the formation of cyclohexane and cyclohexene, while cubic
NPs, characterized by the presence of (100) facets, only lead to the
formation of cyclohexane [152,157].

4.3.2. Composite NPs in catalysis
Composite NPs can have a prominent role in catalysis thanks to the

great variety of combinations of structures and materials. Metallic
NPs, for instance, can be encapsulated within various materials and
with different architectures such as core@shell and yolk@shell
configurations, and supported by diverse substrates including
MOFs, carbon, and dendrimers (Figure 13) [158]. The
encapsulation of single catalytic NPs in a core@shell structure can
offer several advantages, such as adding extra stabilization and
protection and prolonging the life of the catalyser. Multicore
core@shell NPs or non coated NPs can in fact face aggregation of
the cores both in colloidal solution or during high temperature
catalytic processes. An aggregation will inevitably bring to a loss of
catalytic sites and consequently a decrease in the catalytic efficiency
[159]. The yolk@shell architecture, often referred to as nanoreactor
in the catalysis field, offers additional advantages compared to the
core@shell structure. As the core is able to freely move inside the
protective shell, there is more surface area, and thus more catalytic
sites available [160]. Encapsulated structures can furthermore
manifest a greater selectivity. The pores’ size, either in nanoreactors
or supports architectures [161], can be finely tuned to act as a
molecular sieve and regulate molecular diffusion [158]. Extra
functionalities can also be added to the surface of metallic NPs to
improve the catalytic reaction rates [162].
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Figure 13. Encapsulated metal NPs with different architectures for catalytic applications. Reproduced with permission from reference [158] Copyright 2020
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Composite bimetallic NPs have emerged as a promising class of
catalysts, offering unique properties and enhanced catalytic
performance compared to their monometallic counterparts. By
combining two different metals within the same NP, bimetallic NPs
can exhibit synergistic effects, where the properties of the
individual metals are combined and amplified, leading to improved
catalytic activity and selectivity [163]. Bimetallic NPs can exhibit
features on their surface such as migration, segregation, isolation of
single atoms, surface enrichment, leading to the formation of
structures with enhanced catalytic activity [164]. Pd based PdZn
and PdPt bimetallic NPs, due to an increase of defects in the NPs
structure and a change the electronic properties of the catalyst
(ligand effect), demonstrated superior properties when compared
to the Pd monometallic counterpart in the selective hydrogenation
of dehydrolinalool [165]. PtAu NPs showed excellent properties in
the reduction of 4-nitrophenol. The authors believe that the
alloying of Pt and Au induces a strong synergistic effect that
increase the catalytic activity, compared to pure Pt and pure Au
NPs, by altering the electronic structure and the preferential
adsoprtion of oxygen [166]. Ni@Pt NPs exhibited more than twice
the catalytic activity of Pt NPs synthesized using the same method.
ORR experiments demonstrated a significant enhancement in the
activity of Ni@Pt catalysts compared to Pt alone. This increase in
catalytic activity is attributed to alterations in geometric and/or
electronic properties, which can influence the binding energy of
oxygen and the adsorption of bisulfate anions [167].

4.3.3. Photocatalytic applications

Plasmonic metal NPs, either monometallic or bimetallic, due to
their peculiar optical properties can be successfully employed in
photocatalytic processes. The photocatalysts employed for a diverse
range of chemical reactions under UV-visible light, are
predominantly semiconductors. In such systems, semiconductors
absorb photons, generating high-energy charge carriers (electron-
hole pairs) within the semiconductor material. These charge
carriers then dissociate and migrate to catalytically active sites
situated at the semiconductor/liquid interface, where they facilitate
various chemical transformations [168]. The most frequently
utilized semiconductor is TiO,. Because of its large band gap (3.0 -
3.2 eV), TiO, primarily absorbs light in the near UV region (<400
nm), which constitutes only a small portion of solar radiation
(approximately 5%) [169]. Plasmonic NPs and semiconductors
have emerged as a feasible combination to harvest a higher range of
the solar spectrum. When deposited on TiO,, a Schottky barrier
will form at the interface between NPs and TiO,, thus facilitating
the electron-hole pairs separation and consequently enhancing the
lacking photocatalytic activity of semiconductor materials under
visible light [170].

AgAu NPs on TiO;, have been used to degrade phenol in aqueous
solution under visible light with more efficiency than Au NPs on
TiO, [171]. The authors propose that the enhanced activity is
attributed to electron transfer mechanisms. The presence of
bimetallic NPs impedes charge recombination on Au NPs by
facilitating electron transfer to Ag, known for its electron accepting
abilities, and subsequently to the TiO, conduction band, facilitating
the oxidation of phenol molecules by O,- to form benzoquinone on

the AgAu surface, while keeping it in a reduced state. AuPd NPs on
TiO, were used to demonstrate that the relative composition and
the structure of the bimetallic NPs have influence on the
photochemical H, evolution from ethanol aqueous solution.
Core@shell Au@Pd bimetallic NPs showed the highest activity and
NPs with a higher Pd content showed enhanced photoactivity,
attributed to the fact that a thicker Pd shell supposedly shields
photogenerated electrons from the recombination with holes [172].
Monometallic NPs deposited on TiO, were also utilized in water
splitting and H, generation. Au NPs have successfully produced H,
generation under visible light illumination, several experiments
demonstrated the importance of different parameter such as the
phase of the TiO, [173], and the size of the Au NPs [174]. Other
than Au NPs, also monometallic Ag NPs [175] and Cu NPs [176]
have been used for the same catalytic reaction. Cu NPs constitute a
valid alternative to the rarer and more valuable Au and Ag.
Photocatalysis mediated by plasmonic NPs has proven an excellent
tool in the field of environmental remediation. Several studies
highlighted the potential degradation of pollutants either by NPs in
solution or supported on TiO,. Molecules such as methylene blue,
rhodamine B, phenol are often chose as model for pollutants. Bio-
synthesised CuO NPs [177], Ag NPs [178], degraded methylene
blue and crystal violet in solution under sunlight. Supported NPs
offer easier handling, recovery and the combination effect of the
semiconductor support. Ag and Au NPs on mesoporous TiO, were
tested for the degradation, as water pollutant models, of the azo
dyes (congo red, methyl orange, acid orange 10, and remazol red)
under solar and visible light irradiations. Both NPs improved the
performance of TiO, with the Au NPs appearing to be the most
promising candidates [179]. Photocatalysis can also be applied in
the degradation of a class of rapidly emerging indoor pollutants
known as volatile organic compounds (VOCs), of which examples
are formaldehyde, acetaldehyde, methanol, ethylene, toluene.

Au supported on TiO, can degrade formaldehyde in air and under
visible light. For the oxidation to happen the moisture present in
the air has a decisive effect and visible light seems to accelerate the
rate-determining steps of the reaction, leading to an overall possible
degradation process for this VOC in ambient conditions [180].
Au@TiO, core@shell and yolk@shell structures demonstrated
photocatalytic activity for the oxidation of gaseous toluene under
visible light illumination. The yolk@shell architecture, with greater
surface area and numerous mesoporous channels that can enhance
the absorption of VOCs and provide more active sites, proved to
have the best activity and reusability [181]. Photocatalysis offers a
potential solution to the energy crisis and rising CO, emissions
caused by human activities. CO; is a highly stable molecule and
conventional thermolysis methods used for CO, degradation
require harsh conditions and thus high energy consumption [169].
CO; photocatalytic conversion aided by plasmonic NPs is a hugely
studied process and promising result have already been reported in
the obtention of valuable products such as CHs;, CHsOH, and
C,HsOH. NPs of different compositions supported on different
TiO; structures have been tested for CO, reduction. Au NPs and Pt
NPs on TiO, nanofibers surpassed the catalytic properties of the
semiconductor alone thanks to the synergistic effect of the two
types of metals, Au LSPR effect that improves charge separation in
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the semiconductor and Pt NPs which serve as electron-sink and
active site. Ag NPs loaded on TiO, nanotube arrays promote a
more efficient CO, reduction thanks to the LSPRS properties of Ag.
When exposed to light hot electrons will be generated on the Ag
NPs which are subsequently injected into the conduction band of
TiO,, promoting efficient charge separation and hindering electron
-hole recombination. Furthermore, the localized near-field effect
induced by the Ag NPs accelerates the transport of electrons within
the nanotubes, leading to improved charge carrier transport
efficiency [182]. Highly crystalline Cu NPs deposited onto anatase
TiO, were found to convert CO, into CO while suppressing the
competitive mechanism of hydrogen evolution. This study also
highlighted the importance of the careful consideration of the most
beneficial amount of NPs, as an excessive quantity of Cu
demonstrated to be undesirable for the reaction [183].

4.4. Energy

The transition from fossil to alternative fuels is crucial for a
sustainable and healthy future for our planet. Plasmonic NPs have
gained attention as a possible solution to increase the exploitation
of solar energy [184]. Plasmonic NPs, thanks to their absorption
and scattering properties, can be efficiently integrated in solar light
harvesting devices to maximize their harvesting capability [93].

Au NPs, with a size of approximately 45 nm, were incorporated
into organic photovoltaic solar cells (OPVs) based on polymers.
The resulting plasmonic enhanced OPV device exhibited a
significant increase in light absorption due to localized field
enhancement induced by LSPR, without compromising the device’s
electrical properties [185]. A further improvement in VOCs
performance can be promoted by utilizing NPs protected by a SiO,
shell. Core@shell particles can, in fact, be partially embedded on the
active layer interface of the device. The SiO, shell serves many
purposes such as maintaining the desired inter-particle distance
and preventing changes in the morphology of the particle [186].
Similarly, NPs can be incorporated in dye-sensitized solar cells
(DSSC). These cells utilize the light-absorbing properties of dyes,
particularly in the visible range, to sensitize a metal oxide film,
usually TiO,. To take advantage of the absorption properties of
plasmonic NPs, the use of anisotropic NPs and mixtures of
different morphologies has been explored. For example, studies
have shown that Au@Ag,S nanorods [187] and mixtures of Ag NPs
[188] can enhance the efficiency of DSSC devices due to their
broader light absorption range compared to the commonly used
spherical NPs.

5. Conclusions

Metallic NPs provide an exceptional platform for exploring the
relationship between synthesis, structure, and functionality. As
discussed throughout this review, the choice of synthetic strategy,
whether
determines the resulting morphology, stability, and performance of

top-down, bottom-up, direct, or seed-mediated,
the material. A solid understanding of the principles governing
nucleation, growth, and stabilization is therefore essential to design

NPs with properties tailored to specific functions. Beyond their

synthesis, the optical, catalytic, and biological behaviours of
metallic NPs
macroscopic performance. Their LSPRs enable powerful sensing

illustrate  how nanoscale features influence
techniques, while catalytic activity can be precisely adjusted
through control of size, shape, and composition. Applications
across healthcare, energy, and environmental monitoring
demonstrate both their versatility and growing relevance.

By combining historical developments, theoretical insights, and
practical considerations, this introductory review seeks to clarify
the connections between synthetic methods and resulting
properties. The intention is not only to describe the main strategies
available but also to encourage critical analysis, creative
experimental design, and continued exploration of improved

synthetic approaches.
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