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Abstract

This PhD thesis focuses on the controlled design of plasmonic and metal-free nanomaterials, where
both morphology and composition are tailored to optimize their performance as substrates for
Surface-Enhanced Raman Spectroscopy (SERS). By engineering nanoscale features and material
characterizations (Raman, UV-visible and FT-IR spectroscopy, XPS, SEM, TEM, and AFM), it
was possible to investigate how structural parameters directly influence both spectroscopic
enhancement and plasmon-mediated reactivity.

A single-particle SERS study on Silver Nanoflowers (AgNFs) demonstrated their exceptionally
broad plasmonic response and high density of electromagnetic hot-spots, enabling determination
of enhancement factors across multiple excitation wavelengths.

A comparative study of plasmon-driven catalysis on Silver Nanospheres (AgNSs), Nanoplates
(AgNPTs), and AgNFs revealed that both morphology and excitation wavelength govern reaction
kinetics and product development. Specifically, 532 nm excitation promoted the dimerization of
4-nitrothiophenol (4-NTP) into 4,4’-dimercaptoazobenzene (DMAB), while 785 nm irradiation
favored alternative reduction pathways leading to 4-aminothiophenol (4-ATP).

To address the intrinsic instability of silver nanostructures, a bimetallic strategy was pursued by
coating AgNPTs with thin platinum shells. These hybrid systems combined the strong plasmonic
fields of the silver core with the chemical stability of platinum, resulting in more reliable SERS
substrates.

Finally, a metal-free substrate was explored through laser irradiation in liquid of MoS,, producing
defect-engineered 2D semiconductors that provide SERS activity via charge-transfer mechanisms.

These approaches highlight the versatility of tailored nanostructures for sensing applications.






Introduction

Surface-Enhanced Raman Spectroscopy (SERS) is one of the most powerful and sensitive
techniques used to study the chemical and structural properties of molecules, even at very low
concentrations, down to the level of a single molecule [1]. It also allows for non-destructive
analysis, including measurements in biological fluids [2]. This method enables the study of the
vibrational spectrum of molecules bonded to plasmonic substrates, which have special optical
properties that strongly amplify the Raman signal.

The primary mechanism responsible for the SERS effect is electromagnetic enhancement, which
arises from the interaction of light with high-refractive-index systems [3] or, more commonly, with
noble metal nanostructures. In these materials, the collective oscillation of free electrons is induced
by incident light, leading to the phenomenon known as Localized Surface Plasmon Resonance
(LSPR). LSPR corresponds to the coherent oscillation of conduction electrons at the surface of
metal nanoparticles (typically silver or gold) resulting in a strong amplification of the local
electromagnetic field [2]. When the wavelength of the Raman spectroscopy light source (laser)
matches the LSPR of the substrate, very strong and localized electric fields called hot-spots are
created, especially at sharp tips, edges, or junctions between particles [4]. These hot-spots can
increase the electric field intensity by several orders of magnitude, making the Raman signal of
the nearby molecule much stronger.

The degree of amplification is calculated quantitatively using the Enhancement Factor (EF),
defined as the ratio between the Raman signal intensity obtained in the presence of the SERS-
active substrate and the corresponding signal measured under standard Raman conditions [5].
The strength of the plasmon resonance, and therefore the intensity of the SERS effect, depends

greatly on the material, shape, and size of the nanoparticles [4]. Specifically, the geometry of the



particles affects the distribution of the electric field and hotspots which directly influences the EF.
Chapter 1 of this thesis will give a general introduction to the physical principles of LSPR and
SERS, with a detailed explanation of how optical properties are connected to the shape and
structure of the substrates.

Given the crucial role of particle morphology, the design control of nanoparticles is a key step to
create effective SERS substrates. Chemical nanoparticles synthesis will be the focus of chapter 2
showing methods that allow precise control over nanoparticle size and shape, which is especially
important for making substrates that are reproducible and suitable for large-scale production.

The use of multi-branched Silver Nanoparticles such as Silver Nanoflowers will be the focus of
chapter 3. The high roughness of these structures helps to create many hot-spots, making them
excellent for amplifying Raman signals. Their enhancement factor (EF) has been tested at different
laser wavelengths, showing good performance from the visible to the near-infrared range. This is
due to the broad plasmonic band of nanoflowers, which allows them to match the resonance of
many commonly used Raman lasers. In general, the strongest SERS signals occur when the laser
wavelength excites the plasmon resonance of the substrate, and nanoflowers are particularly
versatile.

In Chapter 4 the concept of plasmon-driven reactions will be introduced exploring how SERS can
be used to monitor in real time such chemical reactions using plasmonic substrates. These are
chemical reactions influenced by the transfer of hot-electrons, which are high-energy electrons
generated during plasmon excitation. Reactions involving molecules linked to different
nanoparticle shapes (Nanospheres, Nanoplates, and Nanoflowers) will be compared in terms of
reaction kinetics, conversion, and selectivity, showing how nanoparticle shape affects the
efficiency of the reaction.

Chapter 5 deals with one of the main problems of silver-based SERS substrates: their low stability

and limited reproducibility in SERS measurements. To improve this, bimetallic substrates were



synthesized by coating Silver Nanoplates with platinum. Different synthesis conditions were tested
to control the coating amount, to keep a high Raman signal while improving the durability and
reliability of the measurements. Platinum works as a protective layer, helping to make the SERS
substrate more stable over time.

In Chapter 6, the thesis will explore an emerging aspect in SERS research: the use of
semiconductors materials. Specifically, molybdenum disulfide (MoS,) was modified using laser
irradiation in liquid (LIL), a method that creates many structural defects. These defects were shown
to boost the Raman signal, even without using traditional plasmonic metals. The SERS
enhancement is not due to the typical electromagnetic mechanism but is attributed to the chemical
enhancement mechanism. Controlling these defects may offer a new way to improve the SERS
effect using metal-free materials.

Thus, this thesis shows how important it is to control the synthesis and design of materials used
for SERS, depending on the specific goal. From creating powerful plasmonic structures for SERS
signal enhancement, to controlling chemical reactions or improving the stability and sustainability
of the substrates, each chapter contributes to a deeper understanding of the connection between

material nanostructuration and SERS applications.






Chapter 1

1.1 Localized Surface Plasmon Resonance (LSPR)

The use of metal nanoparticles as SERS substrates is due to their special optical properties. When
the frequency of the electromagnetic field of the incident light matches the oscillation frequency
of the free electrons in the nanoparticle, there is a strong absorption and scattering of light. This is
the phenomenon known as Localized Surface Plasmon Resonance (LSPR). Resonance conditions
only happen for certain wavelengths and depend on the geometry, the dimension and the nature of
the metal of the nanoparticles [2], [4].

LSPR allows the amplification of the electric field by several orders of magnitude, making Raman
spectroscopy much more sensitive compared to other configuration when no substrate is used [5].1t
is possible to calculate the resonance conditions analytically only for some simple shapes. The
easiest case is a spherical nanoparticle with a diameter much smaller than the wavelength of the
incoming light. In this situation, the quasi-static approximation is used, which simplifies the

problem by considering just a sphere placed in a uniform electric field [6].

Figure 1.1. Electric field distribution of a spherical silver nanoparticle during the excitation of the LSPR dipolar

mode. The red region is called hot-spot [7].



Under these conditions, the interaction between light and the material creates an electric field

outside the nanoparticle (E,,;) (fig. 1.1), which is the sum of two parts:

Eoue = Eo + E(p) (1)

Where E|, is the electric field of the incoming light, and E(p) is the additional field dependent by

the dipole moment p induced by the electrons displacement in the particle:

P = &makp )

Where ¢,, is the dielectric function of the surrounding medium, and « is the polarizability of the

system, expressed as:

a = 4m—m 3 (3)
E+2&m

Where 7 is the radius of the nanosphere and ¢ is the dielectric function of the nanoparticle. It is
possible to observe that, if the medium around the sphere is non-absorbing, the polarizability

becomes maximum when:

£=—2&p 4)

Since &,, is positive, € must be negative. Normally, the dielectric function &(w) (as a function of
frequency) is positive, but metals like silver and gold can have e(w) < 0 from the ultraviolet to

near-infrared range.



The dielectric function &(w) can be described using the Lorentz model [8]. For metal

nanoparticles, it is common to use the Drude model [9], which gives the following equations:

2
Wp

Re[e(w)] =1—— (5)

w?

Im[e(w)] = 2 (6)

Where Re[e(w)] and Im[e(w)] are the real and imaginary parts of the dielectric function, w,, is
the plasma frequency of the material, y is the damping factor (related to electron collisions), and
w is the frequency of the incident light.

In Figure 1.2a, it is possible to see that Re[e(w)] becomes zero at w = w,,, and becomes negative
for w < w,. This is very important for achieving plasmon resonance. Also, the imaginary part
Im[e(w)] should be as small as possible, which is easier at high frequencies because it decreases
with ®°.

The real part of the dielectric function of metals, like gold and silver, can become negative and
satisfy the condition for maximum polarizability. When « is at its maximum, LSPR happens, and
the dipolar mode is excited in a spherical nanoparticle [7].

As shown in Figure 1.1, the electric field near the surface of the sphere becomes stronger at the
poles (hot-spot regions), along the direction of the applied field, when a is maximum [7].

For the extinction spectrum of the nanospheres, a peak is expected when Re[e(w)] = —2¢,, (fig.

1.2b), as can be expressed from the scattering and absorption cross-sections (based on the Poynting

vector) [7], [8]:

=—7T|C¥|2 (7



Caps = k Im[a] (8)

Where k is the wave vector of the incident light.
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Figure 1.2. (a) Real and imaginary parts of silver dielectric function. (b) Extinction of a nanosphere obtained from

quasi-static approximation. (c) The corresponding efficiency for a 60 nm particle [10].
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These cross-sections depend not only on the material properties but also on the shape of the particle
and the surrounding medium. This means that absorption (which occurs in all materials) must be
distinguished from LSPR. For example, in spherical nanoparticles, increasing the particle size
leads to the increase of the scattering effect because C,., X 7°, instead C,j,¢ o 73. This means that
small particles mainly contribute through absorption, while larger ones show stronger scattering.
When the particle size is small, as shown in Figure 1.1, the electric field is mainly confined at two
poles, and the excited LSPR corresponds to the dipolar mode (1 = 1). However, as the particle size
increases, while bigger than the wavelength of the incident light, higher-order multipolar modes
begin to appear, like quadrupole (/ = 2). Moreover, in small spherical nanoparticles, the extinction
spectrum shows only one peak from the dipolar mode, while the others are negligible (fig. 1.2b).
But for larger particles, higher-order modes can also appear. For example, a 60 nm silver sphere
already shows a quadrupolar signal at 357 nm (fig. 1.2¢) [10].

By considering all resonance conditions for different modes, the polarizability becomes [11]:

@ = 4n—r—a® )

S+(T)€m

For quadrupolar mode (/ = 2), resonance happens when Re[e(w)] = —%em This condition is

reached at a higher frequency of the light than for the dipolar mode (/ = 1).

To better understand plasmonic modes, it is possible to represent the surface charge distribution
o(x, y) of an elongated nanoparticle like a nanorod [11]. Each plasmon mode has a number of nodes
equal to two times its order (fig. 1.3). So, the dipole (/ = 1) has two nodes. The zero-order mode is

not visible unless the particle has a net charge.
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Figure 1.3. Surface charge density distribution related to the plasmonic modes of a nanorod [11].

Changing the shape of the nanoparticle, from a sphere to another shape, removes spatial symmetry
in different directions of the electric field. This changes the polarizability and the resonance
conditions [9].

The simplest example is transforming a sphere into an ellipsoid. In this shape, the free electrons
move differently along the three main axes of the nanoparticle when exposed to the electric field.
As a result, there are three different resonance conditions, based on the depolarization factor (L;).

For an ellipsoid:

Ly # Ly, # L, (10)

The new equation for polarizability becomes [9]:

a; = dr——" qbc (11)

3em+3Li(e—em)

12



Where a, b, ¢ are the three semi-axes of the ellipsoid. In the special case of a sphere L, = L, =

L, =1/3.

1.2 The Raman Effect

SERS is an evolution of classical Raman spectroscopy. The amplification obtained with SERS
allows to overcome many of its limitations, such as the low signal intensity [12]. However, to
understand the potential of the SERS technique, it is necessary to have a basic knowledge of the
fundamental principles on which Raman spectroscopy is based.

Raman is a type of vibrational spectroscopy that can be applied to solid, liquid, or gas samples. It
provides structural information about a molecule by analyzing its vibrations. When a
monochromatic laser beam interacts with a sample, most of the light is scattered elastically,
without any change in frequency (Rayleigh scattering). However, a small part of the light is
scattered inelastically, with a change in frequency caused by its interaction with the vibrational
modes of the molecule. This frequency change corresponds to one vibrational quantum of the
molecule [12]. This phenomenon, known as the Raman effect, produces a characteristic spectrum
that can be considered the "fingerprint" of the molecule [13]. As a result, Raman spectroscopy is
used in many fields, including materials chemistry, biology, and forensic analysis [12], [14].
Another advantage of Raman spectroscopy is its capability to analyze samples that contain water,
since water does not absorb visible light used in Raman lasers (from UV to near-infrared), unlike
infrared spectroscopy, which cannot be used with aqueous samples.

However, the Raman signal is very weak due to the very low probability that a photon is scattered
inelastically. As showed in Figure 1.4, typical Raman cross-sections are on the order of 107" cm?.

In contrast, IR spectroscopy, which is based on the absorption of incoming light, has a cross-

13



section around 10°2° cm? [15]. For this reason, many efforts have been made to create experimental
conditions that increase the Raman signal and make the technique more sensitive [13] and in the

case of SERS is possible to reach a cross-section around 107! cm?
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Figure 1.4. Cross-sections for different spectroscopic techniques [15].

To explain the Raman effect in a simple way, it is possible to follow a classical approach; however,
a quantum view of the phenomenon is necessary for a more accurate understanding.
In the classical model, the Raman effect is described as the result of the interaction between the
electric field of the incident laser radiation and the electron cloud of the molecule. The electric
field (E) induces a dipole moment (P) in the molecule, whose intensity is proportional to the

polarizability (f) of the molecule [16]:

P =pBE (12)

The induced dipole oscillates and scatters light at three different frequencies: the same as the

incident radiation (Rayleigh scattering), a lower one (Stokes scattering), and a higher one (anti-

Stokes scattering). The last two represent the Raman effect. To obtain these three types of light

14



scattering analytically, it is necessary to rewrite the terms of the polarizability (£) and electric field
(E). The electric field of the incident radiation can be written as a periodic wave over time (t),

with a maximum amplitude E, and frequency w,:
1 . i
E = ~Eq(e'“of + e7'0) (13)

The polarizability of the molecule can change over time due to vibrational motions; therefore, it

can be expressed using a Taylor series expansion for the molecules normal coordinates (Qy):

B =ba+ (55,). (14)

Here, k represents the k-th vibrational mode of the molecule.
The Taylor series is stopped at the first order by using the electric harmonic approximation, which
assumes that the change in polarizability is proportional to the first power of Qj [16]. The normal

coordinates Q) depend on time in a similar way to the electric field (E) in equation (13), by

including the vibrational frequency of the molecule (®x):
1 . _:
0 = 20165 + e7ion) )

Thus, inserting equations (13), (14) and (15) in the equation (12) the induced dipole moment

becomes:

P = I:ﬁo + (;—&)O%Qko(el’wkt + e—iwkt)] %Eo(eiwot + e_iwot) (16)
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And rearranging:

P = %'BOEO(eiwot + eiwot) 4 i(;_(fk)o EoQp, [(ei@ot@nt 4 gmilwotwt) 4 (giwo=wi)t 4

e—i(wo—wk)t)] (17)
At the end, using the Euler’s formula is possible to rewrite equation (17) as:

P = ByE, cos wyt + %(aﬁ) EoQx,[cos(wg + wi)t + cos(wg — wy)t] (18)

9Qy 0

The induced dipole can scatter light at three different frequencies. The radiation at w, is called
Rayleigh scattering, while the radiations shifted by the vibrational frequency w; are known as

Raman Stokes scattering (wo, — wy) and anti-Stokes scattering (wq + wy) [16]. Furthermore, it

.fd . e )
can be concluded that the Raman effect occurs if (—aQB ) # 0. This condition is known as a selection
k70

rule, meaning that the molecule must change its polarizability during the vibration.

In Figure 1.5 is shown a Raman spectrum with the Raman shift in wavenumbers on the x-axis. It
is the typical representation of the vibrational energy shift from the wavelength of the incident
laser. The highest peak centred at 0 cm™ is the elastic Rayleigh scattering, and the other signals
are due to the inelastic scattered light. In this example is reported the entire spectrum with Stokes

and anti-Stokes regions but often just the Stokes signals are showed.

16
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Figure 1.5. Raman Spectrum. The incident radiation is scattered by the molecule either elastically (Rayleigh

scattering) or inelastically (Stokes and anti-Stokes scattering) [17].

According to a semi-quantistic approach, the incident photon interacts with the molecule,
promoting it to a virtual state between the ground electronic state and the next one. It can be
imagined that the molecule undergoes a transition to this virtual state, which has an extremely
short lifetime, and then immediately returns to the ground electronic state. However, it may arrive
in a different vibrational state than the one it started from (fig. 1.6) [16], [18]. If the virtual state
does not correspond to a real electronic state, the process is called normal Raman scattering. But
when the frequency of the incident photon matches the energy required for a real electronic
transition, the process is called resonant Raman scattering (fig. 1.6), which produces signals of

much higher intensity [16].
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Figure 1.6. Representation of normal and resonant Raman processes. In the figure, w, is the frequency of the

incident light, while w,; represents the energy difference between the electronic states i and r [16].

1.3 Surface-Enhanced Raman Scattering (SERS)

The goal of the SERS technique is to amplify the cross-section of one or more Raman-active
vibrational modes in order to detect concentrations lower than the detection limit of normal Raman
spectroscopy. To quantify the effectiveness of the SERS technique, the Enhancement Factor (EF)
is used. It compares the intensity of the signal obtained using SERS (Isgrs) with the signal from

normal Raman spectroscopy (Iggman), Normalized to the number of molecules involved (Nggrs

and NRaman) [5]

ISERS n

SERS (19)

= IRaman/N

EF

Raman
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In some special cases, the technique allows achieving EF values up to 10'%, making it possible to
detect even single molecules [1].

The amplification of the SERS signal (enhancement) is mainly due to two mechanisms:
electromagnetic enhancement (EM) and chemical enhancement (CE) [5].

The electromagnetic mechanism is often dominant and occurs when the incident laser light excites
surface plasmons localized on the metallic nanostructure. This excitation generates a strongly
amplified electric field (hot-spot), located near the metallic surface, especially in the small gaps
between adjacent particles. The analyte located in these areas experiences a double amplification
[19].

In fact, the EM can be described with two amplification steps, and the first one takes place when
the analyte interacts with the incident field, which is amplified by the plasmons (fig. 1.7). An
amplification factor for the incident radiation (M;,.(w)) can be calculated as the ratio between
the squared magnitudes of the local electric field (E;,.(wg)) on the active SERS substrate and the

electric field of the laser radiation (Ey(wg)) [5], [19].

|Etoc(@o)?
Mige(o) = 2= (20)

The second amplification occurs when the scattered Raman signal is re-emitted amplified, if it
maintains the plasmon resonance conditions (fig. 1.7).

Also in this case, an electromagnetic field amplification factor (My,4(ws)) can be defined as the
ratio between the squared magnitudes of the electric fields of the scattered Raman radiation in

presence (E;,.(ws)) and absence (Ey(ws)) of the active SERS substrate [19], [20].

|Eloc(ws)|?
Mggq(ws) = m (21)

19



SERS

First step: G =[E_ (w J/E, (w )]’ Second step: G, =[E_ (w JVE, (@)

Enchanced Raman
scattered light from
the NPs

Figure 1.7. Diagram of the two-step electromagnetic field amplification mechanism by the metallic nanostructure.
The laser radiation reaches the metallic nanostructure at a wavelength that excites the plasmon, allowing
localization and amplification of the field, and then it is scattered by the analyte maintains the resonance conditions

with an amplified emission by the nanostructure [20].

The chemical enhancement mechanism, although it contributes less then EM, is based on the
chemical-physical interaction between the analyte and the metallic substrate. This interaction can
change the polarizability of the molecule or modify the electronic distribution through charge
transfer [5].

It is expressed as the ratio between the polarizability magnitude of the molecules with the SERS

substrate (Ssgrs) and without (5,):

|Bsers)|? (22)

Chemical Enhancement (CE) = TAE
0

Chemical amplification does not require the substrate to be plasmonic, which is very useful for
designing metal-free substrates.
It can be possible to consider all the amplification contributions, with the total Enhancement Factor

expressed as [5]:

20



EF = Mjpc(wo) X Mpqq(ws) X CE (23)

And by substituting each contribution:

|Eloc(@o)I?  |Eloc(ws)I? _ |Bsers)|?
= X X
EF |Eq(wo)? |Eq(ws)]? [Bo)I? (24)

Trying to modify or increase each single contribution is very important to better understand the

SERS amplification mechanisms, making scientific research easier for real-world applications.
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Chapter 2

2.1 Synthesis of Silver Nanoflowers

Several methods can be used to fabricate plasmonic SERS substrates, depending on the goal to be
achieved. Many physical and chemical methods have been developed to synthesize metal
nanoparticles with a wide variety of shapes and sizes. For example, to produce small spherical
nanoparticles, pulsed laser ablation in liquid (PLAL) can be used [1] with a relatively simple
experimental setup. Specifically, a Pulsed laser beam is focused onto an ultrapure metal target
(gold, silver, copper, etc.) submerged in a solvent that may be organic or aqueous. By controlling
experimental parameters such as power of the laser pulse, wavelengths, and pulse durations (for
example, nanoseconds or femtoseconds), it is possible to achieve a wide range of results in terms
of yield, size, and composition of the nanoparticles. Although this method is fast and simple, it
often lacks high control over the shape, polydispersity, and stability of the produced nanoparticles.
Techniques such as electron beam lithography (EBL) can be used to have greater control over
shape and size [2]. In this method, a thin layer of polymer resist is spread on a substrate such as
silicon oxide, and the desired pattern is then “written” onto the resist using a focused electron
beam. The resist exposed to the electron beam becomes soluble when immersed in a specific
solvent, leaving uncovered the areas where the electron beam wrote. A metallic layer is then
deposited by evaporation, followed by a lift-off process that eliminates the remaining resist,
leaving behind metal islands with well-defined shapes and sizes on the substrate. While this
technique provides high precision and control, it is time-consuming and costly. A good
compromise between cost-effectiveness, scalability, and control over the entire production process

can be obtained with chemical synthesis [3]. The general principle of this method involves the
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nucleation and controlled growth of particles from chemical precursors (typically metal salts) in
the presence of reducing agents and shape-controlling agents (capping agents).

Typically, a metal precursor (e.g., silver nitrate or gold chloride) is dissolved in a solvent, and a
capping agent (such as CTAB or PVP) is added to control particle growth and prevent aggregation.
A reducing agent is then introduced to convert the metal ions into their elemental form. Once the
concentration of metal atoms reaches a critical level, nuclei form, which grow as additional atoms
deposit on them. By adjusting reaction conditions such as temperature, pH, concentration, and the
type of stabilizer nanoparticles with different sizes and shapes, including spheres, cubes, and
triangles, can be obtained in colloidal dispersion. This synthesis method is fast, does not require
specialized equipment, and offers better control over particle morphology compared to EBL and
PLAL. However, it is less reproducible than EBL, and the resulting nanostructures are coated with
residual chemicals, unlike those produced by PLAL. In this chapter, chemical synthesis in aqueous
environments will be used to synthesize plasmonic particles.

Usually, chemical syntheses involve two steps. In the first step, nanoparticle seeds are synthesized,
and in the second step, the seeds grow along specific crystallographic directions. This method is
called “seed-mediated growth” and will be described in the next section for the synthesis of silver
nanoplates [4]. In this section, a method called “particle-mediated growth” will be described to
synthesize Silver Nanoflowers (AgNFs).

AgNFs are micrometer-sized particles and can be described as a spherical core decorated with
nanometric protrusions that resemble flower petals (fig. 2.1). The term “nano” refers to the
nanostructured surface, and this terminology is widely used in the literature to describe this type

of metallic particle, although they are also referred to as “mesoparticles” or “microflowers” [5],

(61, 71, [8], [9], [10].
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Figure 2.1. SEM images of Silver Nanoflowers [7].

The synthesis of AgNFs [11] was carried out by adding 1 ml of 0.5 M AgNOs3 to 10 ml of ultrapure
water (Milli-Q grade) and keeping the solution in an ice bath. After 10 minutes, 0.1 ml of a 0.25
M sodium citrate solution was added. Finally, after 15 minutes and under strong stirring, 1 ml of
0.5 M L-ascorbic acid was added to the reaction mixture. The addition of the latter changed the
color of the solution to dark grey, indicating the reduction of silver nitrate. Five minutes after the
final addition, the nanoparticles were purified from excess reagents by wash-centrifuge cycles and
dried for storage.

The morphological analysis was carried out using a SEM instrument (SUPRA-55 VP, Zeiss) by
setting the electron probe energy at 15kV. The SEM images confirmed that the AgNF
microparticles were obtained (fig. 2.2a) with a nanostructured surface (fig. 2.2b) with an average

diameter of the particles around 1.72 + 0.54 um, and an average petal thickness of 96 + 19 nm.
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Figure 2.2. SEM images of a) obtained AgNFs (scale bar: 2 um) and b) the petals of a single nanoflower (scale bar:
200 nm).

To understand how the formation of nanoflowers takes place, it is necessary to refer to a type of
growth known as “particle-mediated growth” [12]. Typically, the synthesis follows the pattern
described by the LaMer curve (Fig. 2.3), in which, after the reducing agent is added, there is an
initial stage where the concentration of Ag’ atoms in the solution rises until it reaches the critical
level needed to initiate particle nucleation.

This marks the beginning of the second phase, where seed formation takes place, which stops when
the concentration of Ag® atoms in solution drops below the minimum nucleation threshold, and at

this point start the third phase. The seeds begin to aggregate, and through interfacial diffusion
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processes, they merge into a single particle. Finally, in the fourth phase, the remaining metallic

silver atoms further enrich the particles.

Figure 2.3. LaMer curve for nucleation and growth processes in “particle-mediated growth” [13].

So, it is clear that the aggregation of seeds must be so that the growth process follows a “particle-
mediated growth” pathway. The conditions for it depend on the collision frequency between the
seeds, which is closely related to the number of seeds per unit volume.

Besides the collision frequency, these collisions must occur in a useful way, meaning they allow
the seeds to merge together. This condition can be satisfied by reagents such as ascorbic acid in
the synthesis of silver microparticles because it can be adsorbed onto the surface of silver seeds,
acting like a typical capping agent. Specifically, the hydroxyl groups of ascorbic acid enable the
seeds to aggregate through hydrogen bonding.

To demonstrate that seed aggregation is necessary for the formation of microparticles, other
syntheses were conducted using polyvinylpyrrolidone (PVP) as blocking agent for the particles
growth reducing the size of the nanoflowers. In detail, AgNFs were prepared in the absence (0
mM) and in the presence of PVP at concentrations of 100 mM and 250 mM, which will be labeled

as #1, #2, and #3, respectively.
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The SEM images (fig. 2.4) highlight the changes in the AgNFs morphology induced by different
PVP concentrations employed during the synthesis. Microstructures with average diameters of 1.7
um, 1 pm, and 0.5 pm were obtained, respectively, for samples #1, #2, and #3, and a difference in
the surface roughness of the three microstructures is observable. Specifically, the number of nano-
petals that decorate the surface of the AgNF structure decreases with increasing PVP concentration
and it is possible to deduce that the seed aggregation process was hindered by the capping action
of the polymer, resulting in particles with significantly smaller sizes compared to those obtained

without it.
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Figure 2.4. SEM images of AgNF obtained a) in the absence and the presence of PVP at a concentration of b)
100 mM and c) 250 mM. The difference in the magnification of the three images is due to the great difference in the
dimensions of the three different microstructures [11].

29



Figure 2.5 shows the extinction spectra of aqueous dispersions of AgNFs synthesized with and
without PVP. The obtained spectra display continuous extinction across the visible range and a
more or less pronounced plasmon band in the 350—1100 nm region. It is interesting to note that, as
the concentration of PVP increases, a broad band appears at 450 nm, and the minimum at 300 nm
gradually becomes more pronounced. This optical behavior is due to the large size of the particles,
which allows the excitation of multipolar plasmon modes such as quadrupole and octupole, in
addition to the dipole. As predicted by plasmonic theory, the decrease in the diameter of the AgNFs

from 1.7 pm to 500 nm (Fig. 1) changes the contribution of the higher-order resonances.
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Figure 2.5. Extinction spectra of Ag NF's obtained in the absence (red line) and presence of PVP at concentrations
of 100 mM (green line) and 250 mM (blue line) [11].

XPS analysis of the samples was also performed to ensure that the surface of the microstructure
did not oxidize during the washing and stocking procedure, since the presence of silver oxide on
the surface of the particle can worsen the plasmonic and electromagnetic field enhancement

capabilities [14]. Fig. 2.6 shows the XPS analysis of AgNFs #1, #2, and sample #3.
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Figure 2.6. XPS spectra of AgNF’s #1 (a), #2 (c), and #3 (b) [11].

AgNFs were employed as SERS substrates in Chapter 3 to calculate the enhancement factor (EF)
on a single particle. In Chapter 4, they were further used to investigate their catalytic performance

in a plasmon-driven reaction, monitored through SERS.

2.2 Synthesis of Silver Nanospheres an Nanoplates

To obtain nanoparticles with specific morphologies, such as Silver Nanoplates (AgNPTs), the
synthesis control is necessary. The seed-mediated growth approach is one of more suitable
chemical method because it is able to separate nucleation and nanoparticle growth stages
controlling not only the shape but also the size of produced nanostructures, thus allowing the
modulation of the characteristic resonance plasmon peak of the particles in almost the entire visible

and near-infrared range as it will be explained below.
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First, it is necessary to obtain the seeds of silver that are Silver Nanospheres (AgNSs). The
synthesis was carried out by adding, in a beaker, 0.5 mL of a 59 mM silver nitrate (AgNO3) solution
and 1 mL of'a 35 mM trisodium citrate (TSC) solution to 10 mL of ultrapure water (Milli-Q grade)
and then stirring vigorously for 5 minutes. Then, 0.5 mL of a 20 mM sodium borohydride (NaBH4)
solution was added, and the reaction proceeded for 30 minutes [15]. Figure 2.7a shows the TEM
of the small silver nanoparticles. Their small size is due to the synthesis method where the
reduction of Ag" ions interact with a strong reducing agent, such as NaBH4, increasing the
nucleation of Ag’ clusters. Moreover, TSC adsorbs on the surface of the nanoparticles and prevents

them from agglomerating [16]. The scheme of synthesis is described in Figure 2.7b.
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Figure 2.7. a) TEM image and b) synthesis sheme [16] of AgNSs.
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Silver Nanoplates were prepared by using the seed-mediated growth approach [17]. In details, 60
puL of 400 mM TSC solution were added to 20 mL of ultrapure water. Then, 200 pL of the AgNS
seeds dispersion were added while keeping the system under vigorous stirring. After 10 minutes,
50 pL of a 400 mM hydrazine (N2Hs) solution were added. Fifteen minutes later, a nutrient solution
of 0.59 mM AgNOs3 was slowly added over 5 minutes.

As shown in Figure 2.8, AgNPTs synthesized are very thin particles with triangular, or hexagonal
shapes. To obtain these particular shapes is necessary a strong control of the reaction using specific

reducing and capping agents.

50 nm Il

Figure 2.8. TEM images of the synthesized AgNPT5.

The reducing agent must be strong enough to reduce Ag" ions but, at the same time, it should
prevent the formation of new nuclei. For example, if NaBH4 was used, the process would not be
easy controlled because this reducing agent is too strong, inducing new nuclei formation. In
contrast, hydrazine (used for this work synthesis) ensures Ag" reduction only on pre-existing seeds
and for this reason it is particularly suitable for an accurate control of the nanostructure dimensions

[17].
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The capping agent plays a key role in determining particle shape. The different nature of the
capping agents can completely change the final nanoparticle shape. For example, in the case of
TSC, typically used for AgNPTs synthesis, it binds preferentially to the 111 crystal plane of silver,
leaving the orthogonal directions free to change. Thus, the growth along the 111 direction is
blocked, and it only occurs along the perpendicular directions. The result is a flat particle with a
hexagonal or triangular shape, depending on the degree of development [17].

Using other capping agents, it is possible to obtain different shapes. For example, Tao et al. used
PVP to build silver cubes and octahedrons since silver deposits selectively onto the 100 facets
[18]. Instead, Hu et al. reported the synthesis of silver nanowires using sodium dodecylsulfonate
with silver growth long the 110 facets [19].

In Figure 2.9 is represented a general growth scheme of AgNPTs where the choice of TSC is

necessary to block the 111 facets [20].
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Figure 2.9. Synthesis scheme of AgNPTs [20].
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The optical behaviours of AgNSs and AgNPTs are monitored with UV-Vis spectroscopy. The
typical spherical shape of the AgNSs is confirmed by the UV-Vis spectrum, where the
characteristic extinction peak at 410 nm is attributable to the dipolar plasmon resonance [21] (fig.
2.10, line in yellow). The extinction spectrum of AgNPTs (fig. 2.10, blue line) is due to the
formation of plasmon multipoles caused by the anisotropy of the nanoparticle. Specifically, the
main intense peak, at 792 nm, is attributable to the in-plane dipolar plasmon mode; at shorter
wavelengths, the signals are associated with the in-plane quadrupole at 442 nm, the out-of-plane

dipole at 395 nm and the out-of-plane quadrupole at 334 nm [17].
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Figure 2.10. a) UV-Vis spectra of AgNSs (in yellow), AgNTPs (in blue).

AgNSs and AgNPTs were employed as SERS substrates in Chapter 4 to compare their catalytic
performance with AgNFs to convert nitro group molecules to azo-compounds. Moreover, in

Chapter 5, Silver Nanoplates were covered with platinum to develop a stable SERS substrate.
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Chapter 3

3.1 How to Choose the Wavelength of the Laser Source

Up to this point, only the fundamental theoretical aspects related to the phenomena of LSPR,
Raman, and SERS have been discussed. These theoretical concepts form the essential basis for
fully understanding how the techniques work and their potential, and serve as a constant reference
throughout this work.

Starting from this chapter, the focus will gradually shift toward more practical aspects. Some
common issues encountered in the application of the SERS technique will be analyzed, along with
possible strategies and solutions developed to address them.

First of all, a Raman measurement requires a very intense monochromatic light source, which
makes lasers ideal candidates. In many cases, Raman instrumentation is coupled with a confocal
optical microscope, allowing measurements to provide spatial information about the sample
composition. The laser beam is focused onto the sample through an objective lens. The light
scattered from the sample (both Rayleigh and Raman light) is then collected by the same objective.
The Rayleigh light (which has the same wavelength as the laser) must be filtered out using a notch
or edge filter to observe the weaker Raman signals. After that, a monochromator selects the light,
with a resolution depending on the diffraction grating, and finally, a detector records the signals
and their intensities. Typically, the detector is a silicon charged-coupled device (CCD), as it is
suited with laser sources ranging from the near-UV to the near-infrared [1]. Figure 3.1 shows the
diagram of a typical Raman setup.

Depending on the application, the choice of the source is very important. To perform Raman or
SERS measurements, the selection of the source can depend on several factors. First of all, the

source must be compatible with the working range of the detector. For example, for lasers with a
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wavelength higher than 1100 nm, a CCD detector is not suitable because its quantum efficiency is

not sufficient [2].

Spectrometer

Notch Filter
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Figure 3.1. Diagram of a typical Raman setup [1].

Another important aspect to consider is that the Raman scattering cross-section of the analyte
depends on the wavelength of the source. Each vibration and each molecule can interact with light
in different ways, with stronger or weaker effects. In general, the intensity of the Raman signals
should increase proportionally to the fourth power of the laser frequency [3]. Therefore, lasers in
the near-UV will make Raman scattering much more intense compared to lasers in the near-
infrared. Moreover, organic molecules used as Raman analytes can absorb light through electronic
transitions in the near-UV or visible range. In these cases, the Raman effect becomes resonant, and
the cross-section increases by several orders of magnitude [4].

However, in many cases, electronic transitions can cause fluorescence from the analytes or from

contaminants. In many situations, the fluorescence can be so strong that it covers the Raman
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signals, making them indistinguishable [2]. In addition, UV or visible radiation could modify or
degrade some sensitive analytes, causing photobleaching. Therefore, using near-infrared sources
can help reduce photoluminescence and the degradation of analytes. In the biological field, it is
useful to use sources between 650 nm and 950 nm or from 1000 nm to 1350 nm. These ranges are
the only ones where the absorption and fluorescence of human tissues are minimized, making them
suitable for Raman measurements [5].

Finally, we must also take into account the optical properties of the SERS substrate, which can be
responsive to the wavelength of the laser source. First of all, the nanostructure of the SERS
substrates could absorb light, causing quenching of the Raman scattering. For example, knowing
the imaginary part of the dielectric function of gold, it is understandable that a source with a
wavelength of 600 nm or higher should be chosen. If a wavelength around 500 nm were chosen,
many photons would be lost due to the interband transitions of gold [6]. Silver, on the other hand,
is compatible with laser wavelengths around 500 nm.

Furthermore, as explained in Chapter 1, to achieve an enhancement of the Raman signals, the
plasmonic SERS substrate must be in resonance with the incident laser light. The plasmonic
resonance can depend on multiple geometric factors of the nanoparticles. For example, dimers of
nanospheres can have completely different plasmonic characteristics compared to single
nanospheres. Le Ru and Etchegoin presented simulations demonstrating that as two gold
nanoparticles approach each other, the plasmonic resonance undergoes a pronounced red-shift.
Specifically, the resonance shifts from approximately 530 nm, corresponding to a single isolated
nanosphere, to about 670 nm. They also calculated the SERS enhancement factor (Fig. 3.2c¢),
showing that the EF can increase by up to 10® compared to a single nanoparticle. This strong
amplification is due to the intense confinement of the electric field in the gap region between the
particles, which creates highly localized hot spots. In addition, the EF is wavelength-dependent,

with the maximum enhancement occurring at the plasmonic extinction of the dimers [7]. These
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results confirm the strong correlation between the geometric features of the nanostructure, its

plasmonic resonance, and the resulting EF.
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Figure 3.2 a) The dimer is formed by two gold nanoparticles with a radius of 25 nm and separated by a variable
gap. b) Simulated extinction spectra for a single sphere and the dimers as a function of the wavelength. ¢) SERS
enhancement factors for a single sphere and the dimers as a function of the wavelength [7].

Experimentally, the EF has a strong connection with the plasmonic characteristics of the SERS
substrate and it has also been confirmed by McFarland et al. fabricating different substrates with
varying plasmonic characteristics and, consequently, distinct extinction spectra. Benzenethiol was
used as the Raman analyte adsorbed on the substrate surface. By using different excitation
wavelengths, they have observed how the EF varied depending on the wavelength. finding that the
maximum EF corresponds with the extinction spectra of the substrates, with a slight shift due to

the vibrational and adsorption characteristics of the analyte on the substrate (fig. 3.3) [8].
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Figure 3.3. Extinction spectra and corresponding EF as a function of the laser wavelength [8].

In conclusion, the choice of exciting laser must be matched to both the application and the
substrate. However, this would require access to multiple lasers with different wavelengths or
tunable sources, which 1s often not practical due to logistical limitations, instrument
incompatibilities, and high costs. A more practical approach is to design and fabricate substrates

that are compatible with the available laser.
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3.2 AgNFs as a Multi-Wavelength SERS Platform

The goal of this section is to obtain a SERS substrate that can be universally used with several
laser wavelengths and Silver Nanoflowers seem to be the ideal candidate thanks to their optical
properties showed in Chapter 2. The strong broad extinction along the visible an NIR range are
connected with the size of the particles and simulation are carried out to better understand the
plasmonic behaviour of big size particles as AgNFs. In figure 3.4 is showed the relative intensity
(fig. 3.4a) and the absorption and scattering cross-section (fig. 3.4b) of different silver nanospheres
with increasing diameters, calculated using the finite element software COMSOL Multiphysics.
When the size of the nanosphere is much smaller than the incident wavelength (for example, 30
nm), we can observe the dipole plasmon resonance, which appears in the spectrum at a wavelength
of about 400 nm. When the nanoparticle diameter increases to 100 nm, the dipole resonance
undergoes a red shift to about 470 nm, and higher-order resonances (quadrupole mode) appear
around 400 nm. For sizes up to the micrometer scale, a continuous extinction is obtained across
the entire spectrum. The oscillations in the simulated extinction spectra correspond to resonances
of surface plasmon modes propagating around the particles (dipole, quadrupole, octupole, etc.).

Figure 3.4b shows that the extinction spectrum of a colloid of silver spheres with a 1 pm diameter
1s almost entirely due to scattering. Therefore, thanks to the strong interaction with the
electromagnetic field throughout the VIS-NIR range, it could be used as a SERS substrate with

different laser excitation wavelengths.
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Figure 3.4. a) The simulated extinction cross-section of Ag spheres with a diameter ranging from 30 nm to 1 um
immersed in water (the curves are shifted arbitrarily along the Y axis for a better understanding). b) The scattering
and absorption cross-section for an Ag sphere with 1 um diameter [9].

The chosen analyte for the SERS test is 4-mercaptobenzoic acid (4-MBA) (fig. 3.5a). This
molecule has an aromatic ring with a carboxylic group (-COOH) and a thiol group (-SH) in the
para position. Both functional groups can interact with the silver surface, allowing the molecule to
adsorb onto it [10].

First, the normal Raman spectra (in the absence of silver nanoflowers) of a 1 M ethanolic solution
of 4-MBA were acquired by using a confocal micro-Raman spectrometer (WITEC Alpha r100),
with three laser wavelengths: 532, 632, and 785 nm. The laser used for the normal Raman
measurement is the 532 nm with a power of 15 pW to avoid analyte degradation and a 100x
objective. The acquisition time was 10 seconds with 10. A spectrum of the pure solvent was also
acquired beforehand with the same experimental conditions as a blank and then subtracted from
the analyte spectrum to isolate the peaks of 4-MBA. The only two peaks observed in the normal
Raman spectrum, shown in Figure 3.5b, are centered at 1078 cm™ and 1580 cm™, and are
associated, respectively, with 6(CH) in-plane bending and v(CC) stretching of the aromatic ring
[11]. The most intense peak, centered at 1580 cm™ in the normal Raman spectrum, was chosen for

the estimation of the enhancement factor (EF).
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Figure 3.5. a) Representation of the molecule p-mercaptobenzoic acid (4-MBA). b) Raman spectrum of 4-MBA at a

concentration of 1 M with an excitation wavelength of 532 nm [9].

As showed in Figure 3.6, to prepare the SERS samples, 2.0 mg of AgNFs were weighed and
dispersed in 2 ml of ethanolic solutions of 4-MBA at different concentrations (107%, 107¢, 10 M).
The resulting mixture was left to rest for 24 hours to promote interaction between the NFs and the
4-MBA and then centrifuged. The supernatant solution was separated, and a UV spectrum was
recorded by monitoring the signal of 4-MBA at around 270 nm. By comparing the absorbance
difference with the ethanolic solution before the 24 hours, it was possible to estimate the number
of 4-MBA molecules adsorbed on the NFs.

Then, the AgNFs with 4-MBA adsorbed on their surface were redispersed in 2 ml of ethanol, and
one drop was placed on a silicon substrate and left to dry as the ethanol quickly evaporated. As
shown in figure 3.6, the individual microparticles are distinguishable and well separated from each

other.
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Figure 3.6. Diagram of the SERS sample preparation process.

The distinctive feature of silver nanoflowers compared to conventional metal nanoparticles is
mainly in their large size, which makes them easily visible even with an optical microscope. By
combining the Raman system with a confocal microscope, it is possible to direct the laser beam
precisely onto a single flower. This setup offers a simple and practical way to perform SERS
measurements on individual particles (single particle-SERS) (fig. 3.7b).

Figure 3.7a shows the SERS spectra in the presence of AgNFs at different concentrations of 4-
MBA. As expected, the 4-MBA signals are several orders of magnitude more intense than those of
normal Raman spectra, additionally, new signals can be identified, including a very intense new
peak at 1365 cm™ related to the v(COQO") vibration [11]. The possibility of distinguishing the
Raman signals of 4-MBA at low concentrations shows that AgNFs could be powerful enough to
allow detection at sub-nanomolar concentrations, thanks to their highly rough and nanostructured
surface rich in hot-spots, which are concentrated at the tips and cavities of the particles, making

AgNFs a potentially very sensitive substrate.
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Figure 3.7. a) SERS spectra of 4-MBA (10~ M to 1078 M concentration range) on the same single AgNF at a laser
excitation wavelength of 532 nm; b) Optical image of a single AgNF deposited onto a Silicon substrate (optical
magnification 100x) [9].

Subsequently, SERS spectra were acquired for a 4-MBA concentration of 10 M using the three
available laser wavelengths (532 nm, 632 nm, 785 nm). The spectra were compared with the
normal Raman spectra, showing that strong enhancement occurs at all tested wavelengths (fig.
3.8a, 3.8b, 3.8c). In Figure 3.8d are shown the normal Raman spectra for the three excitation

wavelengths used with very weak signals.
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Figure 3.8. SERS spectra compared with normal Raman using lasers at a) 532 nm, b) 632 nm, c) 785 nm. d) Normal

Raman spectra for the three wavelengths used [9].

To evaluate the wavelength-dependent enhancement efficiency of AgNFs, the Enhancement Factor
(EF) was calculated using equation (19) from chapter 1.

Lszrs is the value of the signals at 1585 cm™! in the spectra of Figures 3.8a, 3.8b, and 3.8¢. Ingman
can be obtained in the same manner from Figure 3.8d.

To calculate quantitatively the EF, it is necessary to estimate the number of molecules within the
laser scattering volume for the normal Raman measurement (Nggman), and the number of

molecules adsorbed on a single AgNF (Ngggs).
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Knowing that the laser spot diameter is 1.8 um, the scattering volume can be approximated as

spherical. Therefore, the number of molecules probed in normal Raman is:

Npaman = scatteringCNA (25)

Where C is the analyte concentration (I M) and Na is Avogadro’s number. The number of
molecules adsorbed on a single AgNF is given by the ratio between the total number of 4-MBA
molecules transferred from the solution to the AgNFs (N,_yp4), estimated via UV spectroscopy

in Fig. 3.6, and the number of AgNFs dispersed in the ethanolic solution (Nygyrs). Therefore:

__ Ny_mBa _ Nag Vumpasotution C
NSERS - NagNF - (Weigthong) (26)
gNESs Density ong/
AgNF

Here, N4 is again Avogadro’s number, Vg soiution 1S the volume used (2 ml) to prepare the
samples, and C is the 4-MBA concentration of 10 M. The volume of a single AgNF (Vagnr) 1s
estimated from the average dimensions measured by SEM. Meanwhile, the weight of silver used
per prepared sample is 2.0 mg.

The EF was calculated obtaining the following values for each of the three laser wavelengths:
EFs32 nm= 1,68 % 10%, EF632 nm= 3,00 x 10°, EF785 nm= 6,65 x 10*. The highest enhancement is
achieved by exciting the AgNFs with the 785 nm wavelength. This result opens the possibility of
using IR radiation, which is not absorbed by most organic molecules, thus avoiding unwanted
effects such as molecular degradation or luminescence, for the study of various biologically and

medically relevant analytes.
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Furthermore, the single AgNF enables analyte detection and identification even at very low

concentrations, maintaining this capability regardless of the specific wavelength used to excite the

nanostructures.

This result demonstrates that the detection performance of AgNF is not limited to a narrow spectral

range, opening up the possibility of studying and monitoring a wide variety of analytes at trace

levels with a free choice of excitation wavelength. Consequently, potential spectral interference or

wavelength-dependent limitations can be minimized or completely avoided.
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Chapter 4

4.1 Plasmon-driven reactions monitored by SERS

Raman and SERS techniques can be used to monitor the development of a chemical reaction due
to their capability to record and monitor in real time the formation of chemical species [1]. It is
well known that Raman spectroscopy detects the active molecular vibrations and that each
vibration is associated with a specific molecular functional group and with a corresponding
vibrational energy. At the same time, by exploiting the laser source of this technique, it is possible
to start chemical transformations. In this study, the attention was focused on the investigation of
the photo-stimulated chemical reactions involving the functional groups of the 4-MBA molecule,
As reported in the Raman spectra of figure 4.1, this molecule is characterized by a peak at 1078
cm™', associated with 6(CH) in-plane bending while the signal at 1365 cm™ is related to the
v(COO") vibration and the one at 1580 cm™ corresponds to the v(CC) stretching of the aromatic
ring [2].

Therefore, if Raman signal intensities change over time, it could be that the molecules are being
modified in new species. For instance, under certain conditions, 4-MBA molecules can undergo
decarboxylation, losing the carboxylic functional group. This loss transforms the molecule into
benzenethiol (BT), and the 1365 cm™ peak related to the v(COO") vibration disappears. Moreover,
two new signals appear at 998 and 1022 cm™, indicating that decarboxylation has occurred. These
peaks are typical of thiophenols (fig. 4.1) [3].

During the decarboxylation of 4-MBA, the aromatic group remains unchanged, so the peaks at
1078 and 1580 cm™!, associated with 6(CH) in-plane bending and v(CC) stretching of the aromatic
ring respectively, are always visible and almost stable in intensity. Thus, one of the advantages of

the Raman technique is the ability to observe a reaction as it happens.
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It is well known that many chemical reactions can only occur in presence of hazardous reagents
and highly polluting environmental conditions [4]. However, some interesting green alternatives
have been developed for example by using photocatalysts such as TiO> and ZnO often coupled
with noble metals in order to harness plasmon resonance properties for an enhanced photocatalysis.
[5]. In addition, some studies have shown that the electrons, collectively excited in plasmon

resonance of metallic particles are also able to directly drive chemical reactions [6].

A

BT

SERS
%

>
Raman Shift

A 1|k MBA
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>
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Figure 4.1. SERS spectra of 4-MBA (in blue) before irradiation, and of BT (in red) after irradiation [3].

When a plasmon mode is excited, electrons move to a higher-energy state and can be transferred
into the lowest unoccupied molecular orbitals (LUMO) of adsorbed molecules, sometimes

promoting reactions involving a change in functional groups (fig. 4.2) [7]. The electrons
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transferred from the metal particle to the adsorbed molecule are named hot electrons, and they are
concentrated near the so-called hot-spots, increasing the probability of transfer.

In addition, it is well known that noble metal nanoparticles can be exploited in the Raman
technique to enhance vibrational features and to get SERS measurements. Keeping in mind what
has just been discussed, the coupling of the SERS technique with the possibility to induce plasmon-
driven reactions during a SERS measurement is a really exciting green approach to investigate, in
real time, mechanisms involved in the chemical reactions. More explicitly, the laser source of an
appropriately chosen wavelength excites the plasmonic substrate, composed by metal
nanoparticles, which can transfer electrons to the adsorbed molecules. If several spectra are

recorded over time, changes in the relative intensities of the signals can be observed [1], [3].

Ag cluster

Figure 4.2. Plasmon-driven reaction scheme for CO photoreduction on irradiated silver substrate [8].

Many plasmon-induced reactions, such as decarboxylation [3], dehalogenation [9], graphitization
[10], and polymerization [11], have already been studied in depth by researchers. For example, the
dissociation of the carbon-halogen bond on gold nanoparticles was investigated by R. Schiirmann

et al. and it was found that the reaction rate changed with the laser wavelength but was independent
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of the type of halogen atom. It was also explained that the process was mainly driven by the optical
properties of the nanoparticles [9].

In another study, an important result was reported by H. Huh et al. [3], regarding the
decarboxylation of 4-MBA in presence of gold nanostructures. It was highlighted that the process
was more efficient with a 785 nm laser source than a 532 nm one and this behaviour was attributed
to the excitation of a LSPR mode located at around 730 nm.

Many factors affect the efficiency of a chemical reaction, among them the geometry of metallic
nanoparticles which plays a crucial role in plasmonic properties and also the distribution and
density of hot-spots which are highly dependent on the shape and size of the particles. For example,
an improvement in plasmonic photocatalysis near hot-spots on aluminum particles (such as
octopods or nanocubes) during hydrogen dissociation has also been reported [12]. Tip Enhanced
Raman Spectroscopy (TERS) studies have further shown that, in silver particles, reactions occur
mainly at the edges, where the electric field is most strongly localized [13].

In this chapter, the reduction of 4-nitrothiophenol (4-NTP) to dimercaptoazobenzene (DMAB), its
dimer, will be considered. This is one of the most studied model reactions for plasmon-driven
chemistry, as it helps in understanding the mechanisms of hot-electron transfer [14].

Under plasmonic excitation, the 4-NTP molecules adsorbed on silver nanostructures undergo
electron transfer from the metal, activating the nitro group. This process promotes a surface-
assisted dimerization, leading to the formation of DMAB through N=N bond coupling.
Alternatively, depending on chemical environments conditions and electron transfer can follow a
reduction pathway, yielding 4-ATP via conversion of the nitro group to an amine.

In this study, the plasmonic substrates were silver nanoparticles in the form of nanospheres
(AgNSs), nanoplates (AgNPTs) and nanoflowers (AgNFs) and two laser sources respectively at

wavelength of 532nm and 785 nm. Among the main results by using the 532 nm laser radiation, a
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strong correlation between the morphology of the metallic particles (i.e. number of hot spots) and
the reaction kinetics for the conversion of 4-NTP into DMAB was found.

Furthermore, an interesting behaviour on the product formation was observed on AgNFs by using
a 785 nm laser. In this case, the reduction of 4-NTP to 4-aminothiophenol (4-ATP) and not to
DMAB was observed. This result is remarkable, considering that the reduction of 4-NTP to 4-ATP

usually requires reducing agents such as NaBH4 [15] or HCI [16].

4.2 Influence of nanostructure and wavelength on the dimerization of 4-NTP

The preparation of three SERS substrate was carried out with the AgNS, AgNPT, and AgNF
colloids were obtained, anchoring them to a silicon wafer according to the following procedure
[17] schematically reported in fig. 4.3. In detail, some silicon pieces slices were immersed in a
reverse piranha solution (H2SO4:H>0; = 1:3) for 30 minutes at 90 °C. The silicon substrates were
then rinsed in Milli-Q water and immersed in a 10 mL of (3-aminopropyl)triethoxysilane (APTES)
solution for 30 minutes. After that, the silicon pieces were immersed in the three different silver
colloid dispersions, all characterized by an extinction intensity of~1, for a time of 30 minutes (fig.
4.3).

By this way, silver metallic particles can be anchored to APTES-functionalized silicon substrates
thanks to strong electrostatic attraction. These charge interactions arise because APTES molecules
positively charge the silicon surface, while the metallic particles have a negatively charged surface
due to the presence of the employed capping agents.

Finally, each of the three substrates was immersed in an aqueous solution of 4-NTP at a
concentration of 10™* M for 24 hours (fig. 4.3). Afterwards, the substrates were rinsed with water

to remove unbound molecules and were left to dry for one day.
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Figure 4.3. SERS substrates fabrication scheme.

In Figure 4.4a, the molecular structure of the 4-NTP is shown, the molecule is characterized by the
presence of an aromatic ring bonded in para to a thiol group (useful for binding to silver) and to a
nitro group (the reactive side). As you can see in Figure 4.4b, the molecule adsorbed on the three
different plasmonic substrates was characterized by SER spectroscopy by using an exciting
wavelength of 532 nm. Particularly, SERS spectra of 4-NTP molecules at a concentration of 10~
M adsorbed on AgNSs (in yellow), AgNPTs (in blue), and AgNFs (in black) only differ for the
intensity of vibrational signals. It is important to highlight that the characteristic signals of 4-NTP
at 1075 cm™ (vC-S), 1334 cm™! (vsNO3), and 1570 cm™ (vC—C, aromatic ring stretching) are
visible thanks to the signal enhancement due to the presence of nanostructure, otherwise not easily
detectable.

In particular, AgNFs are able to generate stronger vibrational signals compared to the plasmonic

platforms of AgNPTs and AgNSs. This is due to the finely nanostructured surface of the flowers.
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The petals on the surface act like tips capable of amplifying the electric field, and the interparticle

spaces between petals create a high number of intrinsic hotspots [18].
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Figure 4.4. a) 4-NTP molecule. b) SERS spectra of 4-NTPs on AgNSs (vellow), AgNPTs (blue), and AgNFs (black).

In contrast, AgNSs show the weakest signals due to the absence of surface structures on nanoscale
or tips. Moreover, their plasmon peak is far from the excitation wavelength (532 nm).

On the other hand, when using AgNPTs as a substrate, the peaks characteristic of the 4-NTP show
a higher intensity than those recorded on the AgNSs thanks to the presence of tips which act as
hotspots, increasing locally the electric field of the incoming light by several orders of magnitude.
However, the signals are weaker than those observed on AgNFs. In fact, AgNPTs, have a lower
hotspot density than AgNFs and also a lower ability to adsorb 4-NTP molecules on the almost flat
surface.

The characterized samples were then employed for the dimerization reaction of 4-NTP. For kinetic
comparison studies among the three substrates, a 532 nm wavelength laser was used, the same
source employed during SERS measurements. The SERS spectra were acquired by focusing the

beam through a 100x objective, with an acquisition time of 0.5 s per spectrum and 5 accumulations.

60



The SERS spectra of all samples were then recorded continuously over a period of 10 minutes. To
monitor the reaction, the laser power was set to 20 uW. Lower powers could be difficult to control
due to value fluctuations, while higher powers did not allow to monitor the reaction because of the
sudden conversion. The same laser power was used for salmples of 4-NTP linked with AgNSs,
AgNPTs, and AgNFs. In the case of the AgNF SER substrate, it was also possible to study the
kinetic reaction performing single-particle measurements thanks to their micrometric size, as
already discussed in Chapter 2. Anyhow in all samples, by monitoring the evolution of the SERS
spectra over time, it was possible to observe the formation of DMAB on the silver particles (fig.
4.5), even if best results were obtained when AgNFs were employed. Precisely for this reason,
they will be discussed first and then compared with the other two types of silver nanoparticles

(nanospheres and nanoplates).

Laser532 nm /_\

NO, NO,

Figure 4.5. Scheme of 4-NTP reduction into DMAB on Silver particle, triggered by 532 nm laser.

SERS spectra recorded on a single AgNF (fig. 4.6a and 4.6b) show clearly the conversion of 4-
NTP into the reaction product DMAB, thanks to the appearance of signals at 1134 cm™ (VC—-N),
1387 cm™ (VN=N), and 1434 cm™' (vN=N) which increase in intensity over time [19]. At the same

time, the signal related to the nitro group (1332 cm™) of 4-NTP decreases in intensity.
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By plotting the signal intensity at 1142 cm™, associated with the presence of DMAB, versus time
(fig. 4.6¢ in grey), it is possible to simulate the reaction kinetic mechanism with a bimolecular

model which fits the experimental data well [20]:

Ip(t) = 0p — 27)

14Kt
Where Ip(t) is the Raman intensity of the signal at 1142 cm™ related to DMAB, op is the corrected
Raman cross-section of the product (Raman intensity at infinite time), K is the kinetic constant
and t is the reaction time.

In the same way, the signal intensity at 1332 cm™, associated with the 4-NTP, can be plotted versus

time (fig. 4.6¢ in red):

1
IR(D) = orR = (28)
Where Iz(t) is the Raman intensity of the signal at 1332 cm™ related to 4-NTP, and oy is the
corrected Raman cross section of the reactant. This reactant disappearance model also represents
a bimolecular kinetics which fits the experimental data well. Moreover, the extrapolated reaction
constants (K = (3,17 £ 0,91) x 1073 s™%, for DMAB production and K = (3,03 + 0,13) X

1073 s71, for 4-NTP consumption) well match with each other.
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Figure 4.6. a) Temporal evolution of Raman spectra of 4-NTP on AgNFs obtained by laser excitation at 532 nm. b)
Temporal map of Raman spectra. ¢) Plot and fitting of the experimental data relative to the Raman signal intensity
of 4-NTP (in red) and DMAB (in grey). d) Plot and fitting of the experimental data relative to the Raman signal
intensity ratio of the products and reactants [17].

Finally, it is possible to report the ratio between the last two equations (27) and (28) (fig. 4.6¢)
which represents the ratio between the intensities of the product and reactant signals as a function

of time:

® _ % gy (29)

IR()  oR
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This is the equation of a linear function and it allows to evidence the degree of selectivity in the
conversion of the reactants in the dimer. In case of deviation of the experimental data from the
linear trend, the presence of reaction by-products should be considered. In our case, the
experimental points fit the linear behaviour well, therefore the AgNFs are able to convert 4-NTP
molecules into the DMAB dimer. This statement is also supported by the spectroscopic results as
no chemical species other than 4-NTP and DMBA were detected. This result could be explained
in terms of nanoroughness of AgNFs and thus by their high hotspot density on the nanoparticle
surface. Because of this high density value, almost all the 4-NTP reactant molecules can be located
on the tips and in the surface gaps, experiencing strong enhanced electric fields which drive the
reaction toward the dimerization.

For AgNSs, the conversion of 4-NTP to DMAB is very low, as the extremely weak DMAB signals
in the spectra reported in Figure 4.7a demonstrate. The wavelength mismatch between the position
of the plasmon resonance and the 532 nm excitation [21], together with the particle morphology,
limits the hotspot formation; the few hotspots are due to the presence of gaps between among close
spherical nanoparticles. Therefore, the weak DMAB signals likely arise from a few nanosphere
aggregates where dimerization occurs. Thus, only a small fraction of 4-NTP molecules reacts,
without a full conversion of the reactant into the dimer.

Moreover, the bimolecular model of reactant consumption, previously applied to AgNFs, does not
fit the experimental data well (fig. 4.7¢c, solid red line). However, by adding a constant representing
the Raman intensity of the unreacted molecules (I, ) to the equation (28), the following expression

is obtained:

[R(D) = og ——+ L, (30)
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This equation fits very well with the experimental data for the consumption of 4-NTP over time

(fig. 4.7¢c, red dashed line), confirming that many molecules do not react.
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Figure 4.7. a) Temporal evolution of Raman spectra of 4-NTP on AgNSs and b) on AgNPTs obtained by laser
excitation at 532 nm. c) Plot and fitting of experimental data relative to the Raman signal intensity of 4-NTP (in red)
and DMAB (in grey) on AgNSs and d) on AgNPTs [17].

Thus, it was demonstrated that the morphology of the metallic particles strongly influence the

reaction kinetics of the adsorbed molecules.
From experimental data, it was supposed that the field strength of individual hot-spot and their
density on the particle surface can strongly influence the reaction kinetics. To rationalize in terms

of the efficiency of electromagnetic enhancement, it was calculating the intensity of the electriv

field on the surface of each nanostructure, by mean of finite-difference time-domain method
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(FDTD) methods, which can solve the Maxwell equations and quantifying the variation,
distribution, and intensity of electric field.

Local field enhancement calculations were obtained using the FDTD using Lumerical by ANSYS.
The nanoparticles used in the simulation were modeled following the morphological data from
Chapter 2 in terms of dimension, shape, and surface roughness. The wavelength used for near-
field simulations was 532 nm. The adopted source type is Total field scattered-field.

Figure 4.8a show the electric field calculated for AgNSs with a diameter 20 nm. In detail, it was
considered a system consisting of two contiguous nanospheres separated by a 1 nm gap, designed
to model the characteristics of our substrate more accurately. The analysis revealed that the
maximum field intensity is localized within the gap region between the surfaces of the two
nanoparticles. However, the overall field intensification is relatively low. This explains why the
reaction almost did not occur in the presence of AgNSs. Otherwise, when the shape of the
nanostructure changed giving place to tips or roughness the intensity and distribution of the electric
field drastically changed as in the case of the AgNPTs (figure 4.8c) and the AgNFs (figure 4.8b).
In this case, we modeled a triangular nanostructure with a side length of 120 nm. To account for
the substrate's morphology, it was represented the system as two contiguous nanotriangles
separated by a 1 nm gap between their tips. This configuration exhibited a pronounced
enhancement of the local electromagnetic field, with the maximum intensity localized near the tips
of the triangles, consistent with the well-known lightning rod effect. Notably, the highest field
intensity was observed within the gap region between the tips of the two nanostructures. However,
the field enhancement across the rest of the nanostructures surfaces is relatively low. As a result,
only the molecules bound to the tips experience a very strong electric field, allowing them to react
quickly. On the other hand, Figure 4.8b illustrates the near field of AgNFs (1 um diameter), where,
even if the field intensity is not as high as in the triangular nanostructures, the density of hot spots

is much greater due to the high surface roughness. This allows almost all molecules to experience
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a strong electric field, facilitating dimerization. These findings align with the earlier hypotheses:
the small spherical nanoparticles show the lowest reaction efficiency, the AgNPTs show a fast
reaction but only partial conversion of 4-NTP to DMAB, and the AgNFs, while having an average

kinetic constant, catalyze complete dimerization of the molecules.

Figure 4.8. Local Field enhancement simulation for the three NPs studied, a) AgNSs b) AgNF's ¢) AgNTPs [17]. The
electric field intensity is normalized.

Subsequently, experiments were performed using a 785 nm laser to investigate how the excitation
wavelength could affect the reactivity of 4-NTP. In this case, the attention was on AgNFs that not
only showed the best efficiency in 4-NTP conversion, but also possess a plasmon resonance
covering the entire visible and near-infrared range, well matching the excitation wavelength.

In figure 4.9a and b the temporal evolution of Raman spectra of 4-NTP adsorbed on AgNFs and a

zoom in the range 1550-1600 cm!

over a time of 26 minutes are respectively shown. At the
beginning, in a range of about 3-4 minutes, only the 4-NTP peaks were observed at 1075 cm™ (vC—
S), 1339 cm™! (vs(NO2)), and 1569 cm™ (vC—C). However, unlike the 532 nm experiment, the
reaction displayed an unexpected evolution (fig. 4.9a). The nitro group signal decreased,
suggesting an additional transformation of the molecule according to further reaction pathways

which add to the only one previously observed using 532 nm laser. Anyway, the formation of

DMAB was confirmed by the presence of its characteristic peaks. These ones were weak and
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disappeared after five minutes, indicating further transformation. Moreover, the 1569 cm™ peak,
corresponding to the aromatic C—C stretch of 4-NTP, shifted to a new peak at 1587 cm! (fig. 4.9b),

indicating the formation of aromatic molecules containing an amino group, i.e., 4-ATP [21].
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Figure 4.9. a) Temporal evolution of Raman spectra of 4-NTP on AgNFs obtained by laser excitation at 785 nm. b)
Signals related to the vibration of the aromatic ring of 4-NTP and 4-ATP [17].

The formation of 4-ATP can be explained by considering two possible electron transfer pathways
from a metal nanoparticle to an adsorbed molecule: indirect and direct [22]. Electrons must be
excited from the metal Fermi level to the LUMO of the adsorbate to reach the energy gap (fig.
4.10a).

In the indirect pathway, electrons are excited via the LSPR and injected into the LUMO of the
molecule (fig. 4.10c). This process is more effective at shorter wavelengths such as 532 nm, but it
is limited by scattering losses.

The direct pathway involves electron excitation straight from the Fermi level to the LUMO of the

adsorbate (fig. 4.10b) and is most efficient when the light energy closely matches the Fermi-
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LUMO gap [22]. The Fermi-LUMO gap for DMAB is 1.85 eV. Instead, for 4-NTP activated
molecule and 4-ATP, the gap is ~1.63 eV, closely matching the 785 nm photon energy (1.58 eV),
promoting direct electron injection from silver to the 4-NTP LUMO and its conversion to 4-ATP.

This is one of the mechanisms supported by the reaction pathway proposed by Zhao et al. [14].

Direct Indirect

A

LUMO
|AE

HOMO

Figure 4.10. Schematic representation of the possible electron transfer mechanism from metal nanostructure to an
adsorbed molecule: a) system before light interaction, b) direct electron transfer after light interaction, c) indirect
electron transfer after light interaction [17].

Thus, the products of plasmon-driven reactions can be selectively controlled by adjusting the
excitation wavelength. This strategy allows for precise tuning of the conversion of nitro groups
into amines while adopting a greener and more sustainable approach. Moreover, the overall results
suggest that a careful and targeted design of the plasmonic substrate could further enhance hot-
carrier-driven processes, enabling the efficient transformation of environmental pollutants from

various matrices into less harmful or even value-added compounds
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Chapter 5

5.1 Challenges towards quantitative SERS

As reported until now, SERS is a very useful technique thanks to its versatility, specificity, and
above all its very high sensitivity. From a qualitative point of view, SERS has all the features to be
adopted as analytical method in many application fields. However, its application remains limited
due to challenges in quantitative reliability [1], [2].

SERS can give accurate information about the chemical composition of a sample, even when for
complex samples, thanks to the development of data analysis based on multivariate methods [2].
In addition, SERS can detect analytes at very low concentrations, even to a single molecule. These
strong advantages have encouraged the development of more and more efficient and enhancing
substrates, but the high sensitivity of SERS substrates is often associated with low repeatability
and reproducibility, which makes quantitative measurements and real applications difficult [3],
[4].

Methods to improve quantitative performance include measurement protocols such as building a
calibration curve of SERS intensity versus analyte concentration and determining the limit of
detection (LOD) and the limit of quantification (LOQ) [2], [4]. The calibration curve can ideally
provide a linear range, from which an equation can be obtained to link Raman intensity with
analyte concentration. Typically, SERS calibration curves have a sigmoidal shape (fig. 5.1a) [5].
The first part of the curve helps determine the LOD and LOQ, where the analyte signal is
indistinguishable from the noise. The central part gives the linear interval needed for
quantification. In the final part, signal intensity reaches a plateau because, as the analyte
concentration increases, the SERS substrate surface becomes saturated and further adsorption is

blocked.
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However, using only the calibration curve for quantitative analysis is not enough. Measurement
variance can be very high, depending both on the instrument and on the SERS substrate itself. For
example, the laser power may decrease over time or the plasmonic particles on the substrate may
have different levels of aggregation, producing very different signal intensities at the same analyte
concentration. For this reason, internal standards are often used [1], [2]. The internal standard must
give a signal clearly different to the analyte (fig. 5.1b). When constructing the calibration curve,
the intensity ratio between analyte and standard signals is used as a function of analyte
concentration. During the analysis the concentration of the standard must remain constant. In this

way, if the laser power changes, both signals are affected equally, and the ratio cancels out this

effect.
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Figure 5.1. a) Calibration curve for SERS quantification of SARS-CoV-2N protein viral load [5]. b) SERS spectra of
nicotine (1030 cm™) at various concentrations with an internal standard (974 cm™) [6].

However, even internal standards may not be enough. The standard can compete with the analyte
for adsorption on the substrate surface. As a result, it may saturate the surface unevenly, occupying
the hot-spot sites that became forbidden for analyte adsorption [7]. This can reduce the
concentration range measurable or make the analyte-standard ratio non-linear [8]. To solve this

problem, an interesting method has been developed [9]: plasmonic particles are synthesized so that
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the internal standard is adsorbed first, then the particles are covered with another plasmonic layer,
forming a core—shell structure where the standard molecules are trapped inside. The external
surface remains free for analyte adsorption, without interference.

Despite these strategies, one of the main problems of quantitative SERS still remains: the substrate
stability. For example, in plasmonic nanoparticle colloids, particles are in suspension because of
the electrostatic repulsion; each nanoparticle has a surface charge given by capping molecules. To
increase sensitivity one strategy could be to bring the nanoparticles closer together, the aggregation
can be induced by adding salt which screens the charges and at the same time creates more hot-
spots, thus stronger SERS signals. However, aggregation is hard to control: at first it increases
signals, but later large aggregates form, sink, and cause a strong decrease in SERS intensity [10].
In addition metal nanoparticles when dispersed in water are susceptible of oxidation which can
lead to a change in the nanoparticle's properties.

About this, silver colloids for SERS employ have the best plasmonic and enhancing properties,
but they are unstable over time. In fact, oxidation changes particle surfaces, strongly affecting
SERS signals, since the oxide layer reduces plasmonic properties and electromagnetic
enhancement [11]. For example, silver oxidation and carbon contamination happen just by
exposing substrates to air, and signals can drop by up to 60% within a few hours (fig. 5.2) [12].
Oxidation also reduces analyte adsorption and charge transfer between metal and analyte, lowering

chemical enhancement and sensitivity [13].
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Figure 5.2. a) Normalized Raman intensity of Rhodamine6G and b) Raman spectra decrease over the time on silver
nanoparticles [12].

Another important factor is the interaction between the substrate and the laser during SERS
measurements. Hot electrons can decay non-radiatively, releasing energy as heat through electron—
phonon and phonon—phonon scattering [ 14]. This photoheating can change analyte adsorption over
time. For example, benzenthiol has been observed to desorb from the substrate, with up to 90%
signal loss in only 25 minutes (fig. 5.3a) [15]. Laser interaction can even modify substrate

morphology: strong heating can cause evaporation and fragmentation of nanoparticles (fig. 5.3b)

[16].
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Figure 5.3. a) Normalized Raman Intensity of benzenthiol decrease over the time [15]. b) Gold nanoparticles

reshaping and fragmentation after laser exposure [16].

A possible solution is to coat silver or gold nanoparticles with a material resistant to laser effects.
Platinum, for example, shows high resistance and stability under laser irradiation [17].

This chapter presents a mechanistic study of the synthesis of Silver/Platinum Nanoplates (Ag/Pt
NPTs), aiming to improve SERS substrate stability.

Platinum was chemically deposited onto colloidal silver nanoplates, under controlled conditions
such as pH, reducing agent concentration and other. The resulting nanoplates showed a
significantly better stability and measurement repeatability. Although higher platinum coverage
reduced SERS intensity, due to platinum lower plasmonic activity compared to silver [18], the
coating effectively protected silver from photothermal effects induced by the laser. Systematic
adjustment of synthesis conditions made it possible to link coating characteristics to SERS
performance. The balance between signal intensity and substrate stability shows the potential of

Ag/Pt NPTs as reliable platforms for SERS applications.

5.2 Synthesis of Silver Nanoplates covered with Platinum

Bimetallic nanoparticles are materials made of two metallic elements such as gold, silver,
platinum, palladium, etc., and they offer unique properties by combining synergically the
behaviours of each individual metal. Different types of metallic nanoparticles can be obtained
depending on the synthesis method used. Considering only wet chemical methods, three main
types of synthesis can be carried out [19].

First of all, two metal precursors are needed. For example, synthesizing a bimetallic particle of

silver and copper, is necessary to start from their water-soluble salts (such as silver nitrate and
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copper acetate), which provide Ag™ and Cu?" ions. These metal ions are then reduced by suitable
reducing agents.

The first type of synthesis is the co-reduction of the two metal species at the same time. In this
case, a solution containing both salts is prepared, and the reducing agent is added. The result is the
formation of alloy nanoparticles (Fig. 5.4a), which are a solid mixture of the two elements [20].
The second type of synthesis involves the reduction of the two metal precursors at different times.
First, monometallic nanoparticles are synthesized. Afterwards, the second metal precursor is
introduced into the solution and reduced on the surface of the preformed nanoparticles, leading to
core-shell structures [21]. This method is called seeded-growth (Fig. 5.4b).

A third type of synthesis derives from the seeded-growth method. Synthesizing a core-shell particle
of silver coated with gold, first, silver nanoparticles are prepared, and then gold is reduced on their
surface. However, gold is a more noble metal than silver, so redox chemistry rules that Au** ions
will be reduced onto the silver surface, while metallic silver will be oxidized and dissolved in
solution as Ag* ions. This process is called anodic dissolution or galvanic replacement, and the

result is the formation of hollow nanoparticles [22] with a gold shell and residual silver (Fig. 5.4c).

Co-Reduction Seeded-Growth  Anodic Dissolution

a) b) C)
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Figure 5.4. Bimetallic nanoparticles: a) nanoalloy obtained by co-reduction, b) core—shell obtained by seeded-
growth, c) hollow structure obtained by anodic dissolution [19].
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Bimetallic nanoparticles are mainly used in the biomedical field and in heterogeneous catalysis
[23], [24]. For example, it is well known that silver is cytotoxic in biological environments because
it releases Ag* ions, which generate reactive oxygen species. Therefore, regulating cytotoxicity
can be useful, and Ting Li et al. observed that bimetallic nanoparticles of gold and silver can be
effective depending on their composition [25].

In the field of catalysis, many processes employ catalytic species such as platinum or palladium,
but several studies have shown that the addition of a second metallic component can improve
catalytic performance and increase catalyst stability. This effect is due to the creation of new active
sites and new electronic states which regulate the binding energy with reaction intermediates more
effectively than in monometallic particles [24].

Bimetallic nanoparticles are also reported in SERS studies. For instance, Jie Yang et al. showed
that silver nanoplates coated with palladium can provide better catalytic performance in the
conversion of 4-NTP to 4-ATP in the presence of NaBH4 [26].

Silver/Platinum bimetallic nanoparticles are interesting because they combine the strong
plasmonic properties of silver with the unique catalytic abilities of platinum [27]. The presence of
platinum allows an easy tuning of the silver LSPR band towards the near-infrared region [28],
[29]. Moreover, the difference in electronegativity between the two metals causes an electron
transfer from silver to platinum, which modifies their electrocatalytic performance for water
splitting [30].

The synthesis of silver nanoparticles coated with platinum has been studied in several reports, and
it was observed that the control of reaction parameters is essential to obtain the desired products
[31], [32], [33], [34]. Each variable, such as pH, the platinum precursor, the reducing agent, the
concentrations, can drastically change the elemental composition and morphology of the bimetallic

particles.
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The synthesis of Silver/Platinum Nanoplates was carried out using the “seeded-growth” approach,
mainly controlling the reaction pH and the concentration of the reducing agent, following the
scheme shown in Figure 5.5. First, silver nanoplates (AgNPTs) were synthesized as described in
Chapter 2. Then, a 200 pl aliquot of the AgNPT colloid was added to 3 ml of an aqueous solution
of polyvinylpyrrolidone (PVP) at a concentration of 4 mg/ml. To this solution, a variable volume
(from 50 pl to 250 ul) of 0.01 M ascorbic acid (AA) was added. The reaction pH was controlled
by adding NaOH. Afterwards, 50 pl of the platinum precursor, 0.01 M hexachloroplatinic acid
(H2PtClg), was introduced. It should be noted that the reaction pH was set between 6 and 10,
considering the pH change due to the addition of the platinum precursor. After one hour, the
obtained particles were washed with MilliQ water through cycles of centrifugation and

redispersion, and finally collected in 400 pl of MilliQ water.

Silver Nanoplates
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Figure 5.5. Synthesis scheme of Silver/Platinum Nanoplates.
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Each sample of bimetallic particles obtained was named Ag/Pt NPTs followed by the amount of
ascorbic acid and the pH value used. In particular, the amount of ascorbic acid refers to the molar
ratio with the platinum precursor. If an equimolar amount of AA and H>PtCls was used, it is
indicated as AAx1. If the molar amount of ascorbic acid was five times higher than platinum, it is
indicated as AAxS5. Thus, the label “Ag/Pt NPTs AAx3 pHS8” refers to a sample of silver/platinum
nanoplates synthesized with a reducing agent three times higher in molar ratio than the platinum
precursor, at pH 8.

The obtained nanoparticles were deposited on copper grids for morphological characterization by
transmission electron microscopy (TEM), using a Zeiss 900 N TEM operating at 80 kV. The
elemental distribution was monitored by scanning TEM and energy-dispersive X-ray spectroscopy
(EDS) measurements, performed with a Jeol JEM2100 F at an acceleration voltage of 200 kV. To
determine the elemental speciation, the nanoparticles were deposited on silicon wafers and XPS
spectra were acquired with a Thermo Fisher ESCALAB 250Xi, using monochromatic Al Ko
radiation and argon-assisted charge compensation. All spectra were averaged over 10 scans and
measured with a pass energy of 10 eV, a step size of 0.05 eV, and a dwell time of 100 ms.

Figure 5.6 reports the characterizations of the silver nanoplates that were dispersed in PVP solution
before the addition of any reagents, and therefore without platinum coating. Before the
characterizations, the AgNPTs were washed to remove the excess PVP. TEM images (Fig. 5.6a
and 5.6b) show silver particles with mainly triangular and hexagonal morphology, with triangle’s
side-tip distances of about 150 nm. This size justifies the position of the plasmon resonance signal
in the UV—Vis—NIR extinction spectrum (Fig. 5.6¢), which is found in the near-infrared region at
about 950 nm, corresponding to the in-plane dipolar mode [35]. The XPS spectrum (Fig. 5.6d)
shows the two typical signals of the silver 3d orbitals [36], separated by 6 eV due to spin-orbit
coupling, with binding energies centered at 368.04 eV and 374.04 eV and a full width at half

maximum (FWHM) of 0.55 eV. These results confirm that the silver forming the nanoplates is in
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the metallic state with no residual oxidation. The protection against oxidation is due to the presence

of the capping agent PVP, which protects the metallic surface from oxidation.
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Figure 5.6. a) TEM image of AgNPTs and b) TEM image at higher magnification. c) Extinction spectrum of AgGNPTs
aqueous colloid. d) XPS spectrum of AgNPTs deposited onto a silicon wafer.

The chemical growth of platinum on silver nanoplates involves galvanic replacement processes
which lead to the corrosion of the silver particle, since platinum is a more noble metal than silver
and therefore tends to be reduced by oxidizing silver [32]. As previously discussed, the anodic

dissolution process initially promotes the formation of hollow platinum particles, since corrosion
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progressively perforates and etches the silver template. If this process occurs without control, it
proceeds rapidly and aggressively, ultimately resulting in the complete destruction of the particle.
Conversely, when corrosion is carefully moderated, the final result is a stable hollow platinum
particle which remains intact even during the later stages of the reaction and for this reason the
stability of silver nanoplates requires passivation of the surface with PVP [31].

Previous studies have reported experimental results on galvanic replacement processes of platinum
on silver nanoplates [37], [38], with the aim of creating extended platinum platforms that are often
not achievable without the use of a sacrificial template. In contrast, the objective of this work is to
obtain bimetallic nanoparticles limiting the consumption of silver because is the plasmonic active
material necessary for SERS application while the platinum role is to cover the silver to reduce
the oxidation processes and laser damage.

To limit the anodic dissolution of the silver template, some reports have shown that it is necessary
to use a reducing agent capable to reduce the metal ion more rapidly. For example, the same
synthesis strategy has been applied to coat silver nanocubes with gold [39] and with platinum [40]
by introducing ascorbic acid as the reducing agent into the reaction environment controlling the
reduction rate of the metal precursors and limiting the corrosion of the silver template.

Moreover, ascorbic acid contains two acidic protons, and it has been shown that its reducing
strength depends on the degree of protonation [41]. In particular, the reducing power increases at
higher pH values, thus, the fully deprotonated form is the most reducing, followed by the mono-
deprotonated form, and finally the non-deprotonated form.

Kumar-Krishnan et al. investigated the synthesis of bimetallic nanoplates with a silver core and a
shell of gold, platinum, or palladium, as a function of the reaction pH by modulating the reducing
power of ascorbic acid [42]. They reported results for pH values of 4 and 11 using a platinum(II)
precursor and observed that at pH 4, hollow triangular particles are formed due to the corrosion of

the metal precursors, whereas at pH 11, the reducing power of ascorbic acid prevents galvanic
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replacement, resulting in rough core—shell structures. Considering that the pK; and pK» values of
ascorbic acid are approximately 4.2 and 11.5 [43], respectively, more than 50% of ascorbic acid
was non-deprotonated in the acidic experiments, whereas for the syntheses carried out under basic
conditions, most of the ascorbic acid was monodeprotonated with a fraction fully deprotonated.
In contrast to the synthesis reported by Kumar-Krishnan et al., in this work a platinum(IV)
precursor is employed, which completely changes the outcome of the synthesis, as will be shown.
At the same time, the reaction pH is set between 6 and 10 so that all the ascorbic acid is in its
monodeprotonated form. With this precaution, the pH does not affect the reducing power of
ascorbic acid, allowing the focus to shift to other phenomena that rule on the deposition of platinum
onto silver.

Based on the effect of pH, the first synthesis experiments of Ag/Pt NPTs were carried out keeping
the concentration of AA constant at a molar ratio three times higher than the platinum precursor.
TEM images of the samples Ag/Pt NPTs AAx3 pH10, Ag/Pt NPTs AAx3 pHS8, and Ag/Pt NPTs
AAXx3 pH6 are shown in Figures 5.7a, 5.7b, and 5.7¢, respectively. The images reveal completely
different morphologies, suggesting that pH plays a key role in the reduction of platinum regardless
of the intrinsic reducing power of AA.

The particles synthesized at pH 10 (Fig. 5.7a) are the most similar to the original silver nanoplates,
showing a smooth surface with slight corrosion localized at the particle edges. In contrast, the
synthesis at pH 8 (Fig. 5.7b) shows a slight roughness attributed to deposited platinum
nanoparticles and “perforated” areas, suggesting partial anodic dissolution of silver. Finally, the
sample at pH 6 (Fig. 5.7¢) exhibits pronounced and uniform roughness over the entire particle, as
platinum finds favourable deposition conditions. The high roughness indicates an island-growth
process typical of galvanic replacement; however, this cannot be the only mechanism of platinum
reduction, since the nanoplates are intact thanks to the combined protective effect of PVP and the

reduction of the AA.
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Figure 5.7. TEM images of samples a) Ag/Pt NPTs AAx3 pH10, b) Ag/Pt NPTs AAx3 pH8 and c) Ag/Pt NPTs AAx3
PpHG.

Figure 5.8 shows the STEM images of the three samples together with the EDS maps of silver (in
green) and platinum (in blue), used to monitor the elemental distribution of the two species in the
synthesized particles. It can be observed that platinum is uniformly distributed over the entire
surface of the nanoplates for all the pH values used, but the amount deposited increases at lower
pH, as indicated by the higher intensity of the colour in the maps. This observation is consistent
with the morphological analysis, which showed that at more acidic pH the particles are rougher
and therefore contain larger platinum nanoparticles compared to those obtained at higher pH.
Furthermore, at pH 8, the amount of silver is lower precisely in the areas where TEM images
indicated voids, confirming that these regions were eroded by anodic dissolution.

The reason why platinum tends to deposit more slowly under basic pH conditions is probably

related to the concentration of OH™ ions, which act as stronger ligands for Pt*

species compared
to chloride ions or water molecules. Indeed, Dabbish et al. reported that the reduction of
platinum(IV) complexes by AA is strongly influenced by the type of ligand bound to platinum,

and OH™ ions make the complexes more inert [44]. This hypothesis was also proposed in the study

by Aslam et al., who synthesized silver core-shell nanocubes coated with a thin layer of platinum
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at pH 12 [34], stating ligand exchange modifies the electronic levels of the platinum complex,

lowering its reduction potential.

STEM EDS Ag EDS Pt

AAx3pH 6

AAx3pH 8

AAx3pH 10

100nm 100nm 100nm

Figure 5.8. STEM images and EDS elemental distribution of Ag (in blue) and of Pt (in green) for the samples Ag/Pt
NPTs AAx3 pH6, Ag/Pt NPTs AAx3 pHS and Ag/Pt NPTs AAx3 pH10.

The chemical speciation of silver and platinum was analysed for the three samples by performing
XPS measurements, and the corresponding spectra are reported in Figure 5.9.

For the sample synthesized at pH 10, the Ag3d signals are located at 368.04 eV and 374.04 eV,
maintaining the same positions as those of silver nanoplates without platinum, while Pt4f signals
at 70.32 eV and 73.65 eV are attributed to Pt® species, and two more intense signals at 72.01 eV

and 75.34 eV are typical of Pt>" species [45]. This implies that, at pH 10, platinum was deposited
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on the silver surface mainly in its oxidized form, and therefore the reduction reaction was not
complete.

At pH 8, the Ag 3d signals exhibit a slight shift towards lower binding energies with a broadening
of the FWHM, while the signals associated with Pt° shift in the opposite direction, towards higher
binding energies. Moreover, metallic platinum species are more abundant than oxidized ones.

At pH 6, the Ag3d and Pt4f signals continue to shift in opposite directions, and the Pt** species is
absent.

The shift of the Ag signals towards lower binding energies could indicate a partial oxidation of
silver caused by galvanic replacement. However, considering the opposite shift observed for
platinum, it can be assumed that either charge transfer or alloy formation occurs at the silver-
platinum interface. Typically, the binding energy values, associated with metallic silver, are higher
than 368 eV, while those for metallic platinum are around 71 eV. Nevertheless, in a study by Pham
et al. on the growth of silver nanoparticles on platinum, it is reported that binding energy values
are similar to those observed in the present work. In the study by Pham et al., silver was deposited
on platinum, and thus Ag3d binding energies below 368 eV could not be attributed to oxidation by
galvanic replacement, but rather to charge transfer driven by the electronegativity difference
between platinum and silver [45].

Another hypothesis is the formation of an alloy at the silver-platinum interface, supported by the
XPS analyses reported by Shuzong et al. on silver-platinum alloy nanoparticles [46]. They
observed that, for any alloy composition, the binding energy values of silver were lower than 368
eV, while those of platinum were below 71 eV. At the same time, the two signals shifted in opposite
directions as the platinum content in the alloy increased, as in the present work, where opposite

shifts are observed with increasing platinum deposition.

87



Ag° P
368.04 eV ppr 7032V
72.01 eV

L ————-J\v ans pH 6
AN AL
A

//
| ' | ' | ' 777 | ' | ' | ' | ' |

375 372 369 36 78 75 72 69 66
Binding Energy (eV)

c

Normalized Intensity (a.u.)

pH 10

Figure 5.9. XPS spectra of Ag3d and Ptdf for the samples Ag/Pt NPTs AAx3 pH6, Ag/Pt NPTs AAx3 pH8 and Ag/Pt
NPTs AAx3 pHI0.

To better understand the role of ascorbic acid in the reduction of the platinum precursor,
experiments were carried out by varying the amount of AA while keeping the pH constant at 8
value. The three synthesized samples were Ag/Pt NPTs AAx1 pHS8, Ag/Pt NPTs AAx3 pHS, and
Ag/Pt NPTs AAxS pHS8 and their TEM images are shown in Figures 5.10a, 5.10b, and 5.10c,
respectively. It is evident that increasing the concentration of ascorbic acid, a greater amount of
platinum is deposited, as indicated by the higher surface roughness observed for the AAxS sample
(Fig. 5.10c). This clearly demonstrates the active role of ascorbic acid in the reduction of platinum
on silver.

Furthermore, the XPS spectra of the three samples (Fig. 5.10d) reveal that the silver and platinum

signals shift in opposite directions as the concentration of AA, and consequently the amount of
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deposited platinum, increases. This confirms the same trend observed for the samples synthesized
at different pH values (fig. 5.9).

The XPS spectra in Figure 5.10d also show the presence of Pt>* species, which are more prominent
at lower AA concentrations. The partial reduction of Pt*' to metallic platinum can be explained by

t** jons are reduced by ascorbic

referring to the study of Luty-Btocho et al., who observed that P
acid in two steps: first to Pt>, and then to Pt° [47]. Thus, at low concentrations of ascorbic acid,
not all of the precursor can be reduced to the metallic state, with part of it in the intermediate

oxidation state. Instead, by increasing the concentration of the reducing agent platinum is fully

reduced to the metallic state.

a) | b) C)
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Figure 5.10. TEM images of samples a) Ag/Pt NPTs AAxI pHS, b) Ag/Pt NPTs AAx3 pH8 and c) Ag/Pt NPTs AAx5
pHS. d) XPS spectra of Ag3d and Pt4f of the three samples.

To understand deeper insight into the reduction mechanism of platinum, it is necessary to
determine what is the kinetically slow step between the reduction of Pt** to Pt*" or to the reduction
of Pt** to Pt°. To address this question, experiments were carried out by replacing the Pt(IV) based
precursor with an analogous Pt(II) precursor: K,PtCls. The syntheses were performed at a fixed
ascorbic acid concentration (AAx3) and at pH values of 6, 8, and 10.

Figure 5.11 shows the results of the syntheses carried out with the Pt(Il) precursor (right column),
compared with those obtained using Pt(IV) (left column). While the Pt(IV) based syntheses
exhibited a strong dependence on pH, the Pt(II) based ones appeared almost identical across the
different pH values, with a strong coverage of the nanoplates.

These findings indicate that the kinetically slow step is the reduction of Pt*' to Pt which can be

accelerated under acidic conditions due to the decreased stability of Pt(IV) complexes in solution.
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In contrast, Pt(Il) complexes are less affected by pH, because they are less stable than Pt(IV)
complexes. This greater stability of Pt(IV) complexes explains why they are widely employed in
research on anticancer drugs: their chemical inertness allows them to reach tumour sites without

reacting prematurely [48].
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Figure 5.11. TEM images of Ag/Pt NPTs synthesized with different platinum precursor at various pH values.

5.3 Silver/Platinum Nanoplates as reliable SERS substrate

Silver/Platinum Nanoplates were employed as SERS substrates to evaluate both the stability of the

signals and the repeatability of the measurements as a function of the platinum coverage. The



substrates selected for the SERS experiments were derived from the particles shown in Figure 5.7,
synthesized at a fixed ascorbic acid concentration (AAx3) and at pH values of 6, 8, and 10.

To prepare the SERS samples (Figure 5.12), an aqueous solution 10 M of the probe molecule 4-
MBA was incubated with the three Ag/Pt colloids for 6 hours. After incubation, unbound
molecules were removed by centrifugation and the supernatant was discarded. The functionalized
particles were then redispersed in water and drop-casted onto silicon wafers, allowing complete
solvent evaporation. At the edges of the dried drops, a characteristic coffee ring pattern was
formed, in which a high density of nanoparticles was localized. These regions were readily
identified under the optical microscope integrated into the Raman system and were selected as

measurement spots for SERS analysis.

Ag/Pt NPTs colloid

Laser
MBA bonded 532nm
with Ag/Pt NPTs
W ¥

Drop casting on

SiliCO'nWafer and Ag/Pt NPTs
coffee ring formation +
MBA

Probe molecule (MBA) solution

Figure 5.12. SERS samples preparation scheme.

SERS measurements were performed using a 532 nm laser (1 mW power) and a 100x objective,
with spectra acquired under the following conditions: 5 s integration time, 5 accumulations. Each
experiment followed the same procedure. A measurement spot was first selected using the optical
microscope, then the laser was turned on and the initial spectrum was immediately recorded

(defined as t = 0 min). After the acquisition, the laser remained focused on the same spot for 5
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minutes before recording a second spectrum. The laser was then kept on for an additional 5 minutes
(total irradiation time of 10 min), and then a third spectrum was acquired.

Figure 5.13 reports the SERS spectra of 4-MBA molecules adsorbed on different substrates and
recorded at increasing laser irradiation times. Spectra in Figure 5.13 refer to the following SERS
substrates: Ag NPTs without platinum (control experiment) (fig. 5.13a), Ag/Pt NPTs AAx3 pH 10
(fig 5.13b), and Ag/Pt NPTs AAx3 pH 8 (fig 5.13c¢). In the case of Ag/Pt NPTs AAx3 pH 6, SERS
spectra were instead collected at two different laser powers (fig. 5.13d).

For 4-MBA adsorbed on silver nanoplates (fig. 5.13a), the spectra at 0 minutes exhibit intense
characteristic vibrational modes, the most prominent being at 1078 cm™ and 1580 cm’,
corresponding to 6(CH) in-plane bending and v(CC) stretching of the aromatic ring, respectively
[49]. Upon 5 minutes of laser irradiation, the signal intensity decreases by ~30%, and after 10
minutes by nearly 70%. This reduction cannot be attributed to chemical degradation of 4-MBA,
since all Raman peaks decrease proportionally and their relative intensities remain unchanged.
Instead, a simultaneous decrease in the spectral background suggests a reduction in the
enhancement efficiency of the substrate, with a progressive damage of the plasmonic
nanostructures. Indeed, laser powers of the order of I mW are known to induce photothermal
effects in plasmonic nanoparticle aggregates, leading to structural modifications [50]. Moreover,
the appearance of a band at ~235 cm™! indicates the formation of Ag—O bonds, suggesting the
oxidative degradation of the silver substrate [51].

For 4-MBA molecules adsorbed on Ag/Pt NPTs AAx3 pH 10 (fig. 5.13b), the SERS signals are
weaker compared to the bare silver nanoplates. This attenuation is attributed to the platinum layer,
which screens the local electric field of the plasmonic core, thus reducing the enhancement effect
[52]. In addition, the spectral stability is very poor, indicating a rapid substrate degradation. This
behaviour can be explained by the extremely thin platinum coverage, which is insufficient to

provide effective silver core protection against photothermal damage.
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Figure 5.13. SERS spectra of 4-MBA recorded with different laser irradiation time, on the substrates a) AgNPTs, b)

Ag/Pt NPTs AAx3 pHI10, c) Ag/Pt NPTs AAx3 pHS. d) SERS spectra of 4-MBA on Ag/Pt NPTs AAx3 pHG6 recorded at

different laser powers.

In contrast, the Ag/Pt NPTs AAx3 pH 8 substrate functionalized with 4-MBA (fig. 5.13c) displays
highly stable SERS signals over time. After 10 minutes of continuous laser irradiation, the signal
intensity decreases by only ~5%, and no band around 235 cm is detected, excluding silver
oxidation. This demonstrates that in this case the platinum layer is sufficiently thick to obtain an

effective protection of the silver core against photothermal degradation, still maintaining strong
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plasmonic activity. The spectra exhibit all the characteristic vibrational modes of 4-MBA with high
intensity confirming the preservation of the enhancement effect.

Finally, the SERS spectrum of 4-MBA adsorbed on Ag/Pt NPTs AAx3 pH 6 (fig. 5.13d) was
acquired at two different laser powers. At 1 mW, only very weak signals of 4-MBA are observed.
Instead, increasing the power to 2 mW, the spectrum shows the characteristic broad bands of
amorphous carbon between 1200 and 1600 cm™ [53], indicating photodegradation of the probe
molecule. In this case, the platinum shell is excessively thick, quenching the plasmonic properties
of the silver core and thus preventing efficient SERS enhancement.

Finally, SERS measurements were performed on ten different spots for each sample in order to
evaluate signal repeatability. Figure 5.14 reports the average intensities with the corresponding
standard deviations as error bars. It is evident that the AgNPTs and Ag/Pt NPTs AAx3 pH 10
substrates have not satisfied deviations, making them unsuitable as reliable SERS platforms. In
contrast, the Ag/Pt NPTs AAx3 pH 8 substrate shows a standard deviation of approximately 10%,
which is commonly accepted by criteria for reproducible SERS substrates [4].

These results indicate that, although the platinum covering reduce the enhancement of the silver
core, at the same time a significant signal stability and repeatability can be achieved when the
coverage is sufficiently thick to protect the silver but not enough to suppress the plasmonic activity.
Careful control of the synthesis parameters, understanding the reduction mechanism, is crucial for
the fabrication of SERS substrates that are reliable. Moreover, the ability to modulate the platinum

coverage could also be used for the rational design of platinum or platinum oxide catalysts.
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Figure 5.14. SERS average intensity and standard deviation calculated for ten 4-MBA spectra recorded on different
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Chapter 6

6.1 Metal-free SERS

Traditionally, SERS has been dominated by plasmonic substrates based on noble metals such as
gold and silver that exhibit strong plasmon resonances boosting the Raman signals by several
orders of magnitude, but their remarkable performances are compromised by chemically
unstablility of silver or the expensive costs of gold. Moreover, as reported in the last chapter the
stability of plasmonic substrates is a challenge, as even small variations in morphology can
drastically affect the SERS response. These limitations have stimulated intense research into
alternative materials for SERS.

One class of alternatives is represented by plasmonic but metal-free materials, such as transition
metal nitrides (e.g., TiN, ZrN). These compounds can exhibit plasmonic properties similar to noble
metals, and significantly lower cost. TiN, in particular, has been investigated as a plasmonic
substitute for Au and has demonstrated detectable SERS activity as showed in Figure 6.1 where is
possible to appreciate the comparable intensity of SERS signals for probe molecules adsorbed on

similar structures of gold and TiN [1].
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Figure 6.1. SERS spectra of tartazine recorded on similar structures of gold and TiN at different analyte
concentrations [1].
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Another promising strategy is the development of non-plasmonic semiconductor substrates for
SERS. Unlike noble metals or nitrides, semiconductors such as TiO2, ZnO do not show a strong
LSPR. Instead, their SERS activity is predominantly governed by the chemical enhancement
mechanism. This involves electronic interactions at the substrate-molecule interface: when the
energy levels of the substrate and analyte are appropriately separated, light excitation can trigger
charge transfer across the interface. Such CT events modify the polarizability tensor of the
adsorbed molecule, resulting in enhanced Raman scattering [2].

For example, as showed in Figure 6.2, the laser of Raman apparatus can excite electrons from the
valence band of the semiconductor substrate to the LUMO of the molecule adsorbate. Another way
is the excitation of charge carrier from the HOMO of the molecule to the empty conduction band

of the semiconductor substrate [3].

LUMO Conduction band
Energy gap
— HOMO Valence band

Molecule adsorbate

Semiconductor adsorbent

Figure 6.2. Scheme of charge transfer between semiconductor SERS substrate and adsorbed molecule [3].
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The efficiency of chemical enhancement is linked to electronic band structure engineering. In
particular, the introduction of defects such as oxygen or sulfur vacancies can create states located
in the forbidden band of semiconductors facilitating the charge transfer [4].

Several strategies have been pursued to improve the SERS performance of semiconductor
substrates. Doping with antimony ions tin oxide nanoparticles, it can tune the band gap and SERS
activity was correlated with the density of free carriers and the modulation of the band structure
[5]. In Figure 6.3 is showed the SERS intensity of a probe molecule in function of antimony ions
doping percentage and is possible to see that a doping of 1.5% is the optimum to promote the

SERS enhancement.
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Figure 6.3. SERS intensity of a probe molecule in function of antimony ions doping percentage in tin oxide
nanoparticles [5].

Among the different methods for synthesizing and modifying semiconductor substrates, laser
irradiation in liquids has emerged as a particularly attractive approach. This technique combines
simplicity, speed, and environmental compatibility, as it can be carried out at ambient pressure and
temperature without dangerous chemicals. Pulsed laser irradiation induces intense local heating in

the liquid medium, leading to fragmentation, melting, and chemical modification of particles [6].
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These processes can generate new morphologies, trigger phase transformations, and introduce a
high density of structural defects.

A notable example is the laser-induced modification of TiO2, which produces so-called black
titania. Using pulsed laser irradiation in liquid, white TiO, nanoparticles undergo partial
transformation from anatase to rutile, accompanied by the creation of Ti*" centers and oxygen
vacancies. These changes result in defect-rich structures with enhanced visible-light absorption
and improved photocatalytic activity [7]. Such results demonstrate the capacity of laser processing
to engineer the band structure of semiconductors as showed in Figure 6.4: the semicondutctor

energy gap is controlled changing the solvent used during the laser irradiation.
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Figure 6.4. TiO; band gap control with pulsed laser irradiation and using different solvents [7].

In this context, defect engineering and phase modification by laser irradiation represent promising

strategies to transform inactive semiconductors into efficient, metal-free SERS substrates.
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In this work, it was investigated the use of molybdenum disulphide (MoS>) as a semiconductor
material for the development of metal-free SERS substrates. Specifically, it was employed pulsed
laser irradiation to modify dispersions of MoS: nanoflakes and a set of characterization techniques
is applied to elucidate the morphological, and elemental changes induced by laser processing.
These analyses allow to correlate the generation of defects, sulfur vacancies, and partial MoS»
phase transition.

Finally, laser-modified MoS, sample was tested as SERS substrates using 4-MBA as a probe

molecule observing an improvement in SERS performances compared with unmodified MoS,.

6.2 Laser-modified MoS: as a metal-free SERS substrate

Pulsed Laser Irradiation in Liquid (PLIL) of MoS; was carried out by irradiating 3 mL of a
commercial (Graphene Supermarket) dispersion of MoS; nanoflakes (18 mg/L) in a water (45%
vol.) / ethanol (55% vol.) mixture. Different timeframes, in a range 0-15 min, are used to induce
structural changes and defects in the raw material, by using an unfocused pulsed Nd:YAG laser
(Continuum, Surelite IT model Nd:YAG laser, pulse duration = 5 ns, repetition rate = 10 Hz). The
second harmonic of the laser (532 nm) was employed to irradiate MoS» sheets, with an output
power of 1.1 W (fluence ~0.39 J/cm?), a repetition rate of 10 Hz, and a pulse duration of
approximately 5 ns. The laser was unfocused on the dispersion with a beam diameter of 6 mm.
The dispersion was stirred during laser irradiation to prevent sedimentation of the new structures
formed. After laser irradiation, modified 2D structures were collected by centrifugation (8000
r.p.m. for 5 min) and washed several times with the deionized water and dispersed in a water (45%)
/ ethanol (55%) mixture. The pristine and the laser-modified MoS: dispersions were optically
characterized by UV-Vis absorption and photoluminescence (PL) spectroscopies. Absorption

spectra were recorded in the 200-1000 nm range using an Agilent Cary 60 UV—Vis
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spectrophotometer, while PL analyses were performed by a HORIBA Fluoromax
spectrofluorometer, acquiring the emission spectra at an excitation wavelength of Aexc =532 nm.
Morphological investigations were carried out through TEM, STEM. For TEM characterization,
Sul of the MoS; dispersion (pristine and irradiated) were deposited on a copper grid and dried for
12 h before to acquire images. TEM analyses were conducted on a Zeiss 900 N instrument operated
at 80 kV. STEM images were obtained with a ZEISS Merlin Gemini 2 microscope operated at 30
kV, in this case a drop of the MoS; irradiated dispersion was deposited on a silicon substrate. Phase
changes in MoS:> were examined by Raman spectroscopy, employing an excitation wavelength of
532 nm of a Sapphire Laser (Coherent Inc., Santa Clara, CA, USA) mounted on a WITec alpha
300 (Wissenschaftliche Instrumente und Technologie GmbH, Ulm, Germany) confocal Raman
apparatus. The laser power was set at 0.5 mW to avoid potential alteration of the samples. Spectra
have been collected by a 10x objective, an integration time of 10 s per spectrum and 10
accumulations on the dispersions deposited on HOPG and silicon substrates.

Elemental speciation was investigated by XPS using a Thermo Fisher ESCALAB 250Xi equipped
with monochromatic Al Ka radiation and argon-assisted charge compensation. Spectra were
averaged over 10 scans with a pass energy of 10 eV, a step size of 0.05 eV, and a dwell time of 100
ms. In this case 10 pl of the investigated samples were deposited on a Silicon substrate and air-
dried for 12h.

Finally, SERS samples were prepared by mixing ethanolic solutions of 4-MBA (in a concentration
range of 103-10"° M) with MoS; dispersions for 24 h allowing the adsorption of the molecules
onto the MoS; platforms. The mixtures were centrifuged (8000 r.p.m., t=5 min) to remove the
supernatant and the unbound molecules and then re-dispersed in water. Then a drop of the
dispersions was deposited onto silicon wafers and after the complete water evaporation, single
spectra SERS measurements were performed by acquiring signals at a laser power of 0.5 mW with

an acquisition time of 10 sec and 10 accumulation per spectrum. Imaging maps were obtained by
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scanning a 15 x 15 um? area of the sample with a 532 nm laser using a 100x objective. The scanned
area was divided into 10000 pixels, and one SERS spectrum was collected from each pixel with
an acquisition time of 0.01 s and 10 accumulations per spectrum. For each scanned pixel, the
intensity of the strongest SERS signal of 4-MBA at 1594 cm™! was recorded, producing an intensity
map in false colours that visualizes the signal distribution across the scanned area. A scheme of

the overall experimental procedure to obtain defective MoS; architectures is reported in Figure
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Figure 6.5. Experimental Scheme of preparation of defective MoS»- based SERS substrates.

Figure 6.6 shows TEM images representing three different irradiation times modifying MoS;
together with the starting MoSa: (a) pristine MoS; (t=0), (b) t=5 min, (¢) t=10 min and (d) t=15
min. All analysed samples were irradiated with a laser wavelength of 532 nm at a power of 1.1 W.
The TEM images distinctly reveal the morphological changes; the pristine MoS, dispersion
consists of nanoflakes with lateral dimensions of a few hundred nanometers (Figure 6.6a), after 5
minutes of irradiation, elongated structures of approximately 300 nm become well visible (Figure
6.6b), which further grow after 10 minutes (Figure 6.6c), reaching micrometric or larger

dimensions after 15 minutes (Figure 6.6d).
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Figure 6.6. TEM images of (a) Pristine MoS: (t=0), (b) after 5 min, (c) 10 min and (d) 15 min of laser irradiation.

The TEM observations suggest that laser irradiation can induce either the coalescence of MoS»
nanoflakes and/or a self-assembly process. A similar outcome was reported by Ibrahim et al., who
studied the reorganization of 2D materials under femtosecond pulsed laser irradiation at a
wavelength of 800 nm (non-resonant with MoS: absorption bands). They employed a polarized,
focused beam directly applied to the dispersion and attributed the self-organization to the strong
electric field at the laser focus. This field fragmented the MoS» nanoflakes into smaller particles,
which then aligned according to the light polarization [9]. In contrast, the current study employed
an unfocused nanosecond laser, leading to a less vigorous process. However, the irradiation
wavelength of 532 nm corresponds to one of MoS» absorption bands, suggesting that electronic
excitation and non-radiative relaxation mechanisms could induce localized heating, promoting
coalescence. Luo et al. reported similar melting and assembly phenomena of MoS> nanoflakes
under nanosecond green laser irradiation, which resulted in the formation of fullerene-like
structures [10] [11]. To further investigate the organization of the elongated microstructures,

STEM images (Figure 6.7a and 6.7b) at different magnifications, were obtained for the sample
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irradiated for 15 minutes. These analyses revealed significant surface nanoroughness, which may

have originated from the assembly of the initial MoS; flakes in random orientations.

Figure 6.7. STEM images of MoS: laser-modified after 15 min of irradiation time.

To further investigate the growth process and study the changes in the optical properties of MoS,,
UV-Vis absorption spectra (Figure 6.8a) were recorded for the dispersion after irradiation times
(tir) of 0, 5, 10, and 15 minutes. Upon analyzing the UV-Vis spectra, it is clear that, before laser
exposure, the sample exhibits substantial absorption in the range of 200 nm to 700 nm,
characterized by several electronic transitions. Two prominent bands are observed at 603 nm and
662 nm (typically denoted as B and A, respectively), which are associated with excitonic
transitions at the K point of the Brillouin zone [12]. In addition, the absorption bands between 200
nm and 500 nm are attributed to direct transitions from the deep valence band to the conduction
band, conventionally labeled as transitions C, D, and E [13]. The overall absorption spectrum of
starting MoS; reflects the characteristic electronic structure of two-dimensional transition metal
dichalcogenides, from which valuable information regarding the number of stacking layers can be
inferred through the behaviour of the A excitonic transition. For instance, Castellanos-Gomez et
al. demonstrated that the A excitonic peak undergoes a redshift proportional to the increasing
number of MoS; layers [13]. In the spectrum of the non-irradiated sample, the position of the A

excitonic band suggests the presence of few-layer MoS» (ranging from 2 to approximately 7 layers,
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as indicated by the commercial dispersion specifications). During the laser modification process,
the appearance of the MoS, dispersion gradually transitioned from pale yellow to nearly
transparent. Concurrently, the absorption spectra exhibited significant changes with increasing
irradiation time, showing a pronounced absorption band between 200 and 300 nm, while the visible
excitonic transitions diminished drastically and nearly disappeared, indicating a significant
reorganization of the electronic structure. The newly observed ultraviolet absorption band
stabilized after approximately 10 minutes of irradiation, suggesting substantial alterations in the
chemical structure of MoS> due to the pulsed-laser interaction. Absorption features within the same
spectral region have previously been associated with both molybdenum oxide species [14] and
sulfur vacancy formation, as well as with a phase transition from the semiconducting 2H phase to
the metallic 1T phase [15].

In order to deeply understand charge transfer phenomena, it was useful to investigate possible
variations in the photoluminescence (PL) response of the sample in the presence of the analyte.
Thus, photoluminescence measurements were performed by exciting the samples with a 532 nm
laser line, corresponding to the excitation wavelength used in SERS experiments.

In the inset of Figure 6.8b the UV-Vis absorption tail of the sample irradiated for 15 minutes is
shown. Although weak, a measurable absorption is observed at 532 nm. Figure 6.8b presents the
PL spectra recorded under 532 nm excitation for the pristine sample (tix=0, dashed black line), the
laser-modified sample (tix=15 min, dark green line), and the same sample interacting with the
probe molecule at a concentration of 10* M (light green line). For comparison the 4-MBA PL
spectrum it is also shown (pink line).

The non-irradiated sample shows no detectable photoluminescence, indicating that multiple
pristine layers are stacked together, resulting in an indirect bandgap that quenches the emission
typically observed in monolayer samples, where the bandgap is direct [16]. This quenching arises

from interlayer interactions which become increasingly significant with the addition of layers,
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causing a distortion in the band structure and shifting the conduction band minimum and valence
band maximum to different points in k-space [16].

In contrast, the sample irradiated for 15 minutes exhibits a weak photoluminescence band in the
600-700 nm range. Although this wavelength region corresponds to the emission of direct-bandgap
MoS:, the origin of this feature is not easy to determine. We suggest that the introduction of oxygen
defects and sulfur vacancies generates new electronic states which facilitate, weakly, radiative
recombination processes.

The most interesting aspect is the quenching of photoluminescence upon the addition of MBA at
concentrations 10% M suggesting that the interaction between laser-modified MoS; and MBA
inhibits radiative charge-carrier recombination, indicating the possible charge-transfer processes.
We excluded dilution effects since the analyte was added from a 10" M stock solution, ensuring
that the additional volume was negligible. For example, Khan et al. reported that the interaction
between MoS: and diindenoperylene molecules results in a pronounced photoluminescence
quenching, which was attributed to the formation of trap states that suppress electron transfer from

the LUMO of diindenoperylene to the conduction band minima of MoS: [17].
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Figure 6.8. UV-Vis spectra evolution of MoS: dispersion during 15 min of laser irradiation (a) and (b)
photoluminescence spectra under 532 nm excitation of the pristine sample (=0, dashed black line), MoS: at
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To investigate phase transitions and oxide formation, Raman spectra were recorded on MoS»
samples as a function of irradiation time (0, 5, 10, and 15 minutes), as shown in Figure 6.9a. The
spectrum of the non-irradiated sample exhibits two dominant peaks at 382.7 cm™ and 406.9 cm™!,
corresponding to the in-plane (E2g) and out-of-plane (A1g) S-Mo-S vibrational modes, respectively.
These features are characteristic of 2D MoS», and the observed ~24 cm™! separation between the
two modes indicates that the MoS; flakes consist of multilayer stacks [18].

After 5 minutes of pulsed-laser irradiation, the samples still display the E»; and A2, modes as the
main features; however, the intensity ratio of A1¢/E2g decreases, suggesting that the MoS, domains
tend to reorganize into a more horizontal arrangement [ 19]. This observation is consistent with the
TEM images, which show the formation of planar structures. Furthermore, after 10 minutes of
irradiation, new Raman bands appear at 197, 222, and 352 cm™!, which indicate a partial phase
transition from the semiconducting 2H-MoS; to the more metallic 1 T-MoS: phase, as previously
reported by Yin et al. [20]. These results support the hypotheses derived from the UV-Vis
absorption and XPS spectra. Additionally, several new features emerge in the 700-950 cm™! region,
which can be attributed to the formation of mixed molybdenum oxides [21]. These bands become
more pronounced after 15 minutes of irradiation, in agreement with the XPS results.

To investigate potential atomic defects involving molybdenum and sulfur and to validate the
Raman observations regarding the Mo oxidation state, precise determination of the stoichiometry
of the irradiated samples is essential for correlating the composition with the enhanced properties
observed in SERS experiments. Therefore, XPS analyses were carried out on the original MoS»
dispersion and on the 15 min irradiated sample in the Mo3d region. Figure 6.9b presents the XPS
spectrum of the pristine MoS, sample, which is characterized by two spin-orbit split components
centered at binding energies of 229.56 eV and 232.69 eV, typical of molybdenum atoms bonded
to sulfur in 2D MoS: structures [22]. Additionally, a third signal corresponding to the sulfur 2s

core level is observed at 226.72 eV, slightly overlapping with the Mo signals, further confirming
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the presence of MoS,. Weaker Mo 3d components were also extracted through spectral fitting,
which can be attributed to the presence of sulfur vacancies at the flake edges or small amounts of

oxidized Mo atoms.
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Figure 6.9. Raman spectra vs irradiation time (a) XPS spectra of Mo3d region of (b) pristine and (c) 15 min laser-

modified samples.

The XPS spectrum of the laser-modified sample, irradiated for 15 minutes (Figure 6.9¢), exhibits
significant differences compared to the pristine material, indicating that molybdenum underwent
chemical transformations involving changes in oxidation states and bonding configurations.
Deconvolution of the Mo 3d region revealed components corresponding to MoS» at 229.45 eV and
232.66 eV, similar to the pristine sample. However, additional peaks appeared: signals at 232.90
eV and 236.04 eV, characteristic of MoQOs3, as well as components at 231.70 eV and 234.85 eV,
attributed to sub-stoichiometric molybdenum oxides (MoOx) [23]. Furthermore, peaks at 228.04
eV and 231.21 eV indicate the presence of metallic-like Mo species, as evidenced by their lower

binding energies and the characteristic tailing of metallic states. This metallic behaviour can be
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ascribed to sulfur vacancies leading to MoSz.x species but may also arise from a structural phase
transition of MoS [24]. Indeed, several studies have reported that shifts toward lower binding
energies are associated with the metallic 1T phase of MoS,, whereas the pristine material is
typically in the semiconducting 2H phase [25].

From the XPS spectrum of the laser-modified sample, the atomic percentages of molybdenum in
the various chemical species were also determined. From the XPS spectrum of the laser-modified
sample, the atomic percentages of molybdenum in the various chemical species were determined.
The area of the peaks at 232.90 eV, 236.04 eV, 231.70 eV, and 234.85 eV account for 28.4 % of
the total Mo 3d signals and correspond to mixed oxide phases formed as a result of laser irradiation.
The area peaks at 228.04 eV and 231.21 eV represent the largest fraction of the sample, amounting
to 48.7 %, and are attributed to the formation of sulfur vacancies. Finally, the peaks at 229.45 eV
and 232.66 eV correspond to the remaining 22.9 % of unmodified MoS,, indicating that the
irradiation process induced a significant alteration in the molybdenum speciation.

Considering these data, the presence of different phases enables the modification of the electronic
properties of the original MoS», enhancing charge transfer phenomena and thus increasing its
potential as a substrate for SERS sensing. Specifically, the enhanced properties of this non-
plasmonic SERS substrate can be attributed to charge transfer, which results from the increased
polarizability of the molecules interacting with the SERS substrate, combined with the
electromagnetic effects arising from the conductive 1T-phase. Additionally, UV-Vis and Raman
spectra suggest the presence of defective molybdenum oxides (MoOx), which are also considered
SERS-active oxide semiconductors [26]. These oxides contribute to the CM, controlled by defect
density, leading to energy levels that align with those of the probe molecule, thereby facilitating
charge transfer phenomena. At support of this, Zheng et al. demonstrated that thermal treatment of
MoS; induces partial oxidation via oxygen substitution at sulfur sites, creating defect states that

significantly enhance the chemical contribution to SERS, improving sensitivity by several orders
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of magnitude [8]. Yin et al. observed that the 1T phase of MoS, dramatically enhances the SERS
response of copper phthalocyanine via substrate-analyte charge transfer, while pristine MoS;
exhibited weak and inefficient charge transfer, leading to low SERS signals [21].

Pristine MoS, and laser-modified samples were therefore employed as SERS substrates to
investigate the effect of defect introduction into the MoS: structure. SERS measurements were
performed on MoS; substrates subjected to different laser irradiation times to assess how laser-
induced modifications enhance their SERS performance for detecting adsorbed 4-MBA.

Figure 6.10a shows the SERS spectra of 4-MBA (10 M) adsorbed on MoS; substrates irradiated
for 0, 5, 10, and 15 minutes. The spectra collected on pristine MoS; are nearly flat, confirming that
the unmodified material is not an efficient SERS substrate. In contrast, laser-modified MoS»
displays a progressive increase in SERS signal intensity with increasing irradiation time,
demonstrating that laser exposure plays a crucial role in activating the SERS response. The spectra
of irradiated samples show the characteristic 4-MBA vibrational bands at 1078 cm™ and 1595 cm"
I, corresponding to the in-plane 8(CH) and aromatic v(CC) stretching modes, respectively [27].
The gradual intensification of these peaks as irradiation time increases clearly indicates that laser
modification enhances the adsorption of 4-MBA molecules and activates a chemical enhancement
mechanism.

As discussed in previous sections, XPS and Raman data revealed that laser irradiation induces a
high density of sulfur vacancies and other structural defects in MoS», along with a partial
conversion from the semiconductor 2H phase to the metallic 1T phase, introducing new states in
the electronic band structure. As discussed previously, these states may facilitate alignment
between the MoS: electronic levels and the HOMO-LUMO levels of 4-MBA, enabling charge
transfer under laser excitation. PL measurements further support this hypothesis, as the quenching
of the intrinsic MoS: emission in the presence of 4-MBA confirms the electronic coupling between

the substrate, the analyte, and the excitation wavelength.
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Previous works report the role of defects, and 1T phase to improve the SERS performance of
MoS>. Zheng et al. demonstrated that thermal treatment of MoS» promotes partial oxidation and
oxygen substitution at sulfur sites, leading to the formation of defect states that significantly
increase the chemical enhancement contribution, boosting SERS sensitivity by several orders of
magnitude [8]. Yin et al. reported that the metallic 1T phase of MoS> dramatically enhances the
SERS response of copper phthalocyanine, attributing the effect to efficient substrate-analyte
charge transfer, whereas pristine 2H-MoS> exhibited negligible enhancement [21].

Among the investigated samples, the substrate irradiated for 15 minutes exhibited the strongest
enhancement and was therefore selected to study the detection capability over a range of 4-MBA
concentrations (10-10° M), as shown in Figure 6.10b. At higher concentrations (10~ and 10
M), the spectra show intense bands at 1078 and 1595 cm™!, along with weaker secondary features,
indicating strong signal amplification. When the concentration decreases to 10> M, the two main
peaks remain clearly visible, while at 10° M, they are still detectable but close to the noise level,

suggesting that this concentration represents the detection limit of the system.
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Figure 6.10. SERS spectra vs irradiation time of 4-MBA 10*M (a) and at different 4-MBA concentration for 15 min

laser-modified MoS: (b).
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To assess the uniformity of the SERS response, Figure 6.11a displays SERS spectra of 4-MBA
(10 M) acquired from different regions of interest (ROI), labeled “1-9” in the SERS map (Figure
6.11b), obtained selecting the 1595 cm™! stretching vibration of the C=C bond (bright regions).
Spectra show signals of comparable intensity corresponding to the characteristic fingerprint of 4-
MBA. This indicates that 4-MBA molecules are uniformly adsorbed onto the substrate surface and

detectable via charge transfer phenomena.
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Figure 6.11. SERS spectra of 4-MBA 10*M onto 15 min laser-modified MoS: (a) extracted from SERS map of 1594

cem! 4-MBA signal ROI labelled as “1-9”.

To rationalize the experimental findings, first-principles density functional theory (DFT)
simulations were performed using the Vienna Ab-initio Simulation Package (VASP, version 6.5.1).
The models included pristine semiconducting 2H-MoS», sulfur-defective MoS> (MoS,-VS), and
metallic 1T-MoS,, both in isolation and with adsorbed 4-MBA molecules (The adsorbed systems
are called 4-MBA@VS and 4-MBA@]1T).

The integrated charge-density differences (Ap) (Figure 6.12) provide a quantitative picture of the
interfacial interaction. For 4-MBA@V'S, moderate charge redistribution is observed, whereas 4-
MBA@]1T exhibits a much higher Ap amplitude, indicating stronger electronic coupling and more

efficient charge donation from MoS; to the molecule. The results confirm that the laser-induced
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structural transformation (2H — 1T) and defect creation (VS) synergistically promote a charge-

transfer resonance mechanism responsible for the enhanced Raman response.
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Figure 6.12. Integrated charge-density difference (4p) for bare and adsorbed MoS: systems.

Therefore, this study highlights the critical role of phase transitions and defects in modulating
charge transfer and provides new insights into the chemical mechanisms that govern SERS activity
in laser-treated MoS,. PLIL emerges as an alternative, fast and clean route for tailoring the
electronic structure of two-dimensional semiconductor materials, producing MoS>-based non-
plasmonic SERS platforms potentially scalable into advanced chemical and biological detection

systems.
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Conclusions

This work demonstrates how morphology and composition control in nanostructured materials can
be used to develop SERS platforms through systematic synthesis, and characterization showing
that silver-based nanostructures and defect-engineered 2D semiconductors can be optimized to
achieve strong field enhancement, tunable catalytic activity, and improved stability.

Silver nanoflowers (AgNFs) proved to be the most effective plasmonic substrate among the
investigated systems. Their hierarchical nanoroughness, characterized by petal-like protrusions,
provided a dense distribution of electromagnetic hot-spots. This enabled not only strong
enhancement factors but also the capability to monitor reactions at the single-particle level across
multiple excitation wavelengths.

The plasmon-driven dimerization of 4-nitrothiophenol (4-NTP) into 4,4'-dimercaptoazobenzene
(DMAB) was successfully monitored using 532 nm excitation promoted efficient dimerization,
while irradiation at 785 nm favored alternative reduction pathways, promoting 4-aminothiophenol
(4-ATP).

In contrast, silver nanospheres (AgNSs) and nanoplates (AgNPTs) offered lower enhancement, yet
their comparative analysis revealed critical insights and that morphology directly governs hot-spot
density, and SERS performances. These findings highlight that both structural design and optical
parameters can be strategically tuned to select reaction pathways and another purpose involves
extending plasmon-driven chemistry beyond dimerization. In particular, the possibility of driving
polymerization reactions directly on plasmonic substrates represents an exciting opportunity.
Using trifunctional molecules, plasmon-assisted polymer networks could be fabricated in situ,

enabling nanoscale materials synthesis under light control.
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To address the known instability of silver, nanoplates were coated with platinum shells whose
growth was carefully controlled by tuning the experimental conditions. It was observed that the
reduction mechanism strongly depends on both the pH of the medium and the oxidation state of
platinum precursors. By adjusting these parameters, it was possible to obtain well-defined Pt
coatings that preserved the strong plasmonic response of the silver core. This approach led to more
stable SERS substrates, demonstrating that compositional engineering, when combined with
controlled growth mechanisms, is a powerful strategy to enhance practical applicability. From this
study, a first direction concerns the validation of these substrates with analytes of real-world
relevance. Environmental pollutants, biomarkers, or industrial intermediates could be tested to
demonstrate the feasibility of SERS-based detection in practical scenarios.

Finally, beyond noble metals, laser irradiation in liquid was employed to modify MoS,, leading to
the formation of microstructures containing sulfur vacancies and molybdenum oxides. These
defect sites promoted the self-assembly of MoS; flakes into hierarchical architectures capable of
generating strong chemical enhancement contributions. As a result, these modified 2D
semiconductors provided SERS activity through charge-transfer mechanisms, opening a
sustainable route toward metal-free substrates that complement traditional plasmonic systems
using a low cost, flexible and practical technique as laser irradiation. Beyond MoS;, other layered
systems such as hexagonal boron nitride (h-BN) could be modified by laser-assisted techniques to
introduce tailored defects. This could expand the role of metal-free materials for SERS

applications.
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