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Abstract

The hybrid bimetallic systems, composed of two incorporated metallic nanostructures, have been
considered a sustainable technology due to their ability to enhance, renovate, and enrich the
properties of their integrated components. The solution-based chemical synthesis of plasmonic
bimetallic nanoparticles (BNPs) with different morphologies has received considerable attention
and has been the most widely used. However, in order to stabilize these BNPs at nanoscale, they
must be treated with several steps and several chemical compounds, such as surfactants to
compensate their surface energy. Even though these BNPs have been widely applied in many
applications, there is still a need for a low-cost, scalable, and straightforward alternative. To date,
no approach has been developed for directly synthesizing BNPs substrates on surfaces by self-

assembly of polymers with a precise control over particle sizes and morphologies.

In this context, we have developed in this thesis a reproducible and well-controlled strategy which
is polymer-mediated self-assembly based. The nanofabrication method is called vapor-induced
phase separation (VIPS), to self-assemble silver nanoparticles (AgNPs) and gold nanoparticles
(AuNPs) in a poly(methyl methacrylate, PMMA) thin layer. The M™/PMMA dispersion combined
to the silicon (N-doped) substrate, used as a support for nanostructures, exhibit multifunctional
properties, serving as reducing agent, surfactant and structure directing agent. For the purpose of
achieving the desired materials, the experimental parameters of the synthetic approach were
precisely optimized, despite the fact that it is difficult to mechanistically study the process of
particle growth since this synthetic approach includes many components (Si substrate, PMMA,
counter ions, Ag* and Au®") that could cooperatively work or compete with one another.
Accordingly, we performed an in-depth study to understand to some extent the physico-chemical
mechanism of synthesis. This was achieved through optical measurements by micro-extinction
setup. Surface-enhanced Raman scattering (SERS) measurements were then performed to assess
the sensitivity of the samples as sensors. Ultimately, the present thesis offers novel possibilities
for creating rationally designed hybrid nanomaterials of controllable dimensions and geometries

over a large-area for applications in detection and particularly for SERS, and for photocatalysis.



Résumé en francais

Les systemes bimétalliques hybrides, composés de deux nanostructures métalliques, sont
considérés comme une technologie durable en raison de leur capacité a améliorer, rénover et
enrichir les propriétés de leurs composants intégrés. La synthése chimique en solution de
nanoparticules bimétalliques plasmoniques (BNPs) avec différentes morphologies a suscité une
attention considérable et a été la plus utilisée. Cependant, afin de stabiliser ces BNPs a I'échelle
nanométrique, 1’étape de fabrication nécessite 1’utilisation de plusieurs étapes et de plusieurs
composes chimiques tels que les tensioactifs pour compenser I'énergie de surface. Méme si ces
BNPs ont été largement impliquées dans de nombreuses applications, il existe toujours un besoin
d'alternatif d’¢laboration a faible cott, évolutif et applicable directement. Jusqu'a présent, aucune
étude n'a permis la synthese par auto-assemblage de polymere de substrats de BNPs directement

en surface avec un contrdle précis des tailles et morphologies des nanoparticules.

Dans ce contexte, nous avons développé dans cette thése une technique reproductible et bien
contrélée, appelée séparation de phase induite par la vaporisation (VIPS), pour auto-assembler des
nanoparticules d’or (AuNPs) et d'argent (AgNPs) dans une fine couche de poly(méthacrylate de
méthyle, PMMA). Les substrats de Silicium (dopés N) utilisés comme support des nanostructures
combinés a la dispersion de M™/PMMA, présentent des propriétés multifonctionnelles, servant de
réducteurs, de tensioactifs et d'agents de direction de structure. Dans le but d'obtenir les
plateformes souhaitées, les paramétres expérimentaux de l'approche synthétique ont été optimisés
avec précision malgré le fait qu’il est difficile d'étudier mécaniquement le processus de croissance
des NPs car cette approche de synthése est constituée d'un grand nombre de composants (substrat
de Silicium, PMMA, contre-ions, Ag* et Au*) qui pourraient coopérer ou entrer en compétition
les uns avec les autres. En conséquence, nous avons effectué une étude approfondie pour
comprendre dans une certaine mesure le mécanisme physico-chimique de synthese. Ceci a été
réalisé a travers des mesures optiques par micro-extinction. Des mesures SERS ont été ensuite
effectuées pour évaluer la sensibilité des échantillons en tant que capteurs. Enfin, la présente thése
offre de nouvelles possibilités pour créer des nanomatériaux hybrides de dimensions et géometries
contrélables sur une grande surface pour des applications en détection et particulierement pour le

SERS, et pour la photocatalyse.
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General Introduction

The thesis is composed of five chapters, each of them dealing with different aspects of controlling

structural properties of monometallic (AgNPs) and bimetallic nanoparticles (Ag/Au).

Chapter 1 is the introductory chapter and it is divided into two main parts. The first part
highlighted the importance of incorporating two metallic nanoparticles (MNPS) into one system in
several applications such as catalysis, SERS, localized surface plasmon resonance (LSPR) sensors,
and photothermal conversion. These multifunctionalities arise from the synergistric effects that
occur between the hybrid systems including electronic effects, bifunctional effects, and ensemble
effects. The second part provided an overview for synthetic approaches mostly used for the
synthesis of bimetallic nanostructures with well-controlled morphological features. A majority of
the studies cited in the literature rely on solution-based protocols.

A process known as VIPS, used for the fabrication of monodisperse gold nanocubes embedded in
a polymer layer, was accomplished recently. This simple, fast, and one-step synthetic approach
showed its effectiveness in controlling the sizes and the shapes of obtained nanoparticles. Besides,
there was no need for using a reducing agent or block copolymer; thus there was no requirement
for either functionalizing the surface or etching of polymer film. Specifically, in Chapter 2, 3,
and 4, we discussed extending the VIPS process to a large variety of monometallic (Ag) and
bimetallic (Ag/Au) salts.

In Chapter 2, a brief review of methods for synthesizing AgNPs by means of polymers, block
copolymers, and deoxyribonucleic acid (DNA) self-assembly is presented, as well as some of their
severe shortcomings-such as lack of reproducibility and uniformity in SERS performances. Hence,
if we want to go further, and use self-assembly to build functional nanomaterials that could be
compatible with SERS applications, it is necessary to increase the stability and efficiency of self-
assembled systems. This chapter described the synthesis of efficient Ag/PMMA nanocomposites
in large quantities using a novel simple synthesis approach called VIPS to form large-scale,
reproducible, and ultra-sensitive SERS substrates on opaque surfaces. Using VIPS technique, a
thin-layer PMMA is self-assembled into nanoholes that are used as synthesis reactors for MNPs.
This chapter also examined the different experimental parameters affecting the structural and
optical properties of AgNPs. AgNPs as nanosensors, in particular, were optimized by adjusting a

number of factors, including metal precursor concentration and spin-coating speed. Changing the

21



concentration of Ag precursor significantly influenced the particle quality and the self-assembly
efficiency. Below a threshold critical concentration, a thermodynamic instability hindered the self-
assembly at the beginning of the process due to a PMMA aggregation. In addition, a suitable speed
was chosen for fabricating a thin and homogeneous substrate layer, and for producing a high
reflection sensitivity from nanoparticles (NPs). The extraction of optical properties of AgQNPs were
required to adjust the Raman excitation wavelength to closely fit the band of surface plasmon
resonance in SERS measurements. AgNPs were optically characterized by two complementary
techniques: a direct micro-extinction technique, and an indirect ellipsometric technique that
requires a construction of a physical model. A physical model revealing the PMMA and AgNPs
as a one homogeneous layer is constructed based on three classical Lorentz oscillators (one for
PMMA and two others for AQNPs). According to the Lorentz dispersion law, this model generates
satisfactory quantitative data (Optical constants, thicknesses, and absorption coefficients) by
involving a primary measurement of the raw experimental ellipsometric angles (amplitude ratio
(W) and phase difference (A)) followed by a correct fitting of these angles. Subsequently, the
experimental and theoretical data sets were compared with Mie simulations to confirm the results.
The relationship between structural dimensions and SERS enhancement properties was
investigated in order to develop nanosensors that could detect weak traces of chemical and
biological molecules. In this study, we showed that high yields of AgNPs localized within holes
of PMMA can be employed as efficient and robust SERS substrates for detecting BPE molecules
with high enhancement factors (EF) at a trace level, which is an extremely difficult task. PMMA's
hydrophobic properties, which provide a mechanism for selective adsorption of BPE molecules on
AgNPs, as well as increased densities of AgNPs on surface and close match between LSPR and

Raman wavelengths, lead to an increase in SERS enhancement.

Bimetallic systems are effective in renovating and enriching the properties of their integrated
components. VIPS approach would lend itself well for use in the synthesis of shape-controlled
Ag/Au BNPs with different types. For this reason, Chapter 3 and 4 were devoted to developing
a more efficient VIPS approach to produce reproducible, large-scale, and architecture-controlled
bimetallic nanomaterials on surfaces that are relevant for SERS and plasmon detection. Chapter
3 demonstrated that the site-selective heterogeneous nucleation and growth of Ag on Au seeds
occured even if the synthesis is surfactant-free, and highly anisotropic growth modes were
achieved on surfaces through a seed-mediated growth i.e. heterostructures and core/shell
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configurations. In Chapter 4, this approach was also utilized to fabricate BNPs with hetero-
oligomers configurations through a step-growth mode and an oriented attachment process (OAP).
In both chapters, due to surface effects, the deposition of a second metal completely changes the
resonance conditions and alter the optical and structural properties of NPs. BNPs cannot simply
be controlled by the same rules established for controlling the shapes of MNPs. Additionally, we
presented the different characterization techniques employed along these studies which aided in a
complementary manner in the understanding of the nanoparticles’ chemical composition,
structural properties and morphology, optical and sensing properties. These include EDX, SEM,
pext spectroscopy, and SERS spectroscopic technique. We also investigated how different
synthetic reaction conditions such as spin-coating speed, concentrations of Ag and Au precursors,
and molar ratios of Ag/Au modulated the structural, optical, and sensing properties of bimetallic
nanostructures. The right ratio (Ragau) between two metals played a key role in the growth of
bimetallic nanostructures to limit monometallic phase separation and allow composition control.
The limited fundamental understanding of BNPs on surfaces still makes it difficult to understand
the exact mechanism that causes hybrid interactions on surfaces despite the progress in this area.
For this reason, efforts were dedicated to understand the role of each constituent in the
nanostructure formation process on surface. The work throughout the chapters has revolved around
the investigation of the underlying mechanisms of BNPs formation via a Thermodynamic/Physico-
chemical study and a Real-time mechanistic study. The Au additives acted in two ways as an agent
that accelerates the reduction of Ag and leads to the formation of BNPs, and as a seeding agent
serving to provide preferred sites for Ag atom growth. The Ag additives acted as shape-directing
agents due to an underpotential deposition (UPD), which is responsible for stabilizing the various
surface facets that enclose the AuNPs. By assessing these sensors at different Raman excitation
wavelengths, we then demonstrated that bimetallic substrates could serve as a wide-range SERS
active substrate. The conclusions that emerged from the studies enabled an analysis of a number
of parameters, whose influence on the structuring surface will be the subject of extensive

investigation.

Chapter 5 summarizes the main conclusions derived from the previous four chapters and looks

ahead to future possibilities (perspectives) of this work.
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Chapter 1: Bibliographic Study

1.1 Introduction

The organization of BNPs with different atomic arrangements can be generally categorized into
three main types: (a) Core-Shell Structures (intermetallic or solid solution) (b) Alloyed Structures
(c) Heterostructures [1]. Adopting a specific type of arrangements does not only depend on the
precise control over nucleation and growth processes but also on several factors such as bond
energy, surface energy, atomic radius, charge transfer, surface-ligands bond strength, specific
electronic/magnetic effects, and preparation methods and conditions, etc. [2,3]. The distribution of
each metal within a particle and its organization is strongly linked to the synthetic approaches used
in fabricating BNPs [4]. Also, a growing body of literature has investigated that the properties and
application domains of BNPs depend on their structures. Therefore, to a greater extent, synthetic
control is needed for these structures in order to perform robust plasmonic studies with greater

amelioration for practical applications.

In contrast to monometallic nanoparticles, it is worth noting that the shape-controlled synthesis of
bimetallic nanostructures is more complex and potentially much more attractive. Involving a
second metal in the reaction can have unusual effects on the plasmonic and structural properties
of NPs due to an alteration in: (i) the reaction kinetics of nucleation and growth processes, (ii)
surface energy and lattice strain of nanocrystals, (iii) binding strength of the functional groups with
the two metallic atoms [5]. Many attempts have been made in purpose of generalizing methods
applicable for many particular bimetallic systems [6-8]. A large number of bimetallic
nanostructures of different controlled shapes have rapidly emerged in the past decade. Figure 1
pinpoints the different possibilities in the shapes and structures organization of a series of

bimetallic nanostructures synthesized using different synthetic approaches [9,10].
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Figure 1. Representative TEM and SEM images for different controlled shapes of BNPs synthesized using different
synthetic routes. (a-b) Pt/Pd alloy nanocubes and nanotetrahedrons respectively; (c) Pt/Pd alloy icosahedra; (d) Au/Pd
alloy octapodal; (e) Pt/Pd alloy nanocages; (f) Pt/Pd alloy hollow nanocubes; (g) Au/Pd alloy hexaoctahedrons; (h)
Pt/Cu alloy concave nanocubes; (i-j) Au/Pd core-shell tetrahexahedra, and concave octahedral respectively; (k) Au/Pd
core-shell tetrahexahedra; (1) Au/Pd core-shell trisoctahedra; (m) Au/Pd core-shell concave nanocubes; (n) Au/Pd
core-shell convex polyhedra. The insets of each image shows the corresponding high-resolution images. Adapted from
[9,10]

1.2 New/Enhanced features of bimetallic against monometallic nanostructures
The construction of bimetallic architectures have revealed some exquisite features that can be
dramatically different from their corresponding pure monometallic counterparts and physical
mixings [11]. A better understanding of the new enhanced traits developed upon incorporating two
MNPs into one system could have enormous benefits, as these architectures are ubiquitous in
plasmonic research due to their utilization in diverse applications such as catalysis, SERS, LSPR

sensors, and photothermal conversion [12-15].
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1.2.1 Optical properties

NPs of different sizes or shapes can be coupled together for multiplexed detection, thus taking the
advantage of extending the range of detection spectrum (Vis-NIR). Bimetallic nanostructures
actually display the capability of optimizing the wavelength of Plasmon absorption band of
metallic mixture; thus, offering a multipurpose tool for biosensing. Cui et al. indicated that the
peak position of Au/Pt core-shell bimetallic system shifts from 550 to 650 nm when Pt shell
thickness increases from 21 to 40 nm. Meanwhile, a broad absorption band was also observed in
the UV region which was further red-shifted from 280 to 370 nm with the same increase in Pt shell
thickness [16]. Another example on Ag-based alloy nanostructures, including Ag/Au [17], Ag/Pt
[18], and Ag/Pd [19], revealed many interesting optical properties distinct from pure AgNPs.
Galvanic replacement of Ag nanocubes (with an edge length of 45 nm and a strong dipole
resonance at 440 nm) with an aqueous HAuCl4 aqueous solution, produces Ag/Au nanocages with
extinction peaks tunable across the NIR region as shown in Figure 2. Upon titrating the suspension
of Ag nanocubes with different volumes of HAuCl4 aqueous solution, the extinction peak showed
a remarkable red-shift to 900 nm and beyond [20,21]. Such shifts into NIR regions are highly
desirable, thus making this optical effect predominantly employed towards biosensing and SERS

detection of biological and chemical analytes.

600 800 1000
Wavelength (nm)

Figure 2. SEM images of (A) Ag nanocubes acting as sacrificial templates; (B-D) Ag/Au nanoboxes and nanocages
obtained from sequential stages of galvanic replacement reaction; (E) Corresponding UV-Vis spectra of Ag nanocubes
and Ag/Au nanoboxes/nanocages showing that LSPR peak of different compositions of Ag/Au alloy NPs was red-shifted
in a predictable manner by controlling the mole ratio of HAUCIs to AgNOs. Adapted from [20,21]
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1.2.2 Catalytic properties

Several studies have highlighted the importance of BNPs in revealing improved catalytic
properties over monometallic counterparts [22—25]. A comparison study between Pd/Au noble
monometallic and bimetallic NPs, synthesized by simply embedding Pd and Au precursor with
Melamine cyanurate (MCA) at room temperature (RT) without any additional reductant and
stabilizer, has been conducted by Feng Jiang et al. to distinguish the differences in catalytic
reduction of 4-nitrophenol (4-NP) into 4-aminophenol (4-AP) [26]. By referring to Figure 3,
further analysis validated that Pd/Au bimetallic NPs exhibited superior catalytic activities than
monometallic counterparts. Moreover, the adequate time required for the reduction of 4-NP into
4-AP follows the order where Pd/Au BNPs (10 minutes (min)) precede the noble monometallic
PdNPs (18 min) and AuNPs (40 min) respectively. In this regard, the highest catalytic activity of
BNPs was imputed to synergistic effects occurring between both AuNPs and PdNPs.
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Figure 3. The relationship between In(C/Co) and reaction time (t) indicating the rate of catalytic reduction of p-
nitrophenol to p-aminophenol by NaBH4 using MCA-Pd; MCA-Au; and MCA-Pd/Au (Ratio 1/1) as catalysts. The
ratios of 4-nitrophenol concentration (C) at time t using the above MCA-based catalysts to its initial value Co were

directly given by the relative intensity of the respective absorbance A/A,. Adapted from [26]
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Also, Nidhi’s findings appear to support the fact that BNPs are qualified as effective catalysts with
high improvement [27]. In summary, Layered double hydroxide (LDH) was used as a seed for
deposition of Au and Ag to form BNPs following a simple wet chemical process. Au/Ag bimetallic
nanoalloys with molar ratios 1:3, supported on LDH and used as catalysts for the reduction of 4-
NP to 4-AP, revealed a higher catalytic activity with an enhanced potential for utilization in
industrial applications owing it to their higher stability, efficiency, and recyclability in comparison

to their monometallic counterparts.

Moreover, a dual-functional system for exploring catalytic reactions in situ through SERS
fingerprinting can be developed by enriching the efficient catalytic Pd, Ni, and PtNPs with the
SERS-active AgNPs [28-30].

As mentioned by Dan Xu et al., catalytic properties are sensitive to the intrinsic nature of the
elemental compositions of the whole NPs and their surface elemental distributions [23]. A tiny
change in composition could cause obvious changes in electrocatalytic activity and long-term
stability [31]. Moreover, different ordering for deposition of metals can offer changes in the
catalytic activity of the synthesized BNPs [32]. M. Hosseini et al. stated that the difference in
catalytic activities of the prepared catalysts could be linked to the latter’s surface structure (i.e.
alloy or core-shell morphology) [33]. As clarified in Figure 4, a higher activity for the oxidation
of toluene was achieved with Pd(shell)-Au(core)/TiO2 compared to other catalysts Au(shell)-
Pd(core)/TiO2 and Pd-Au (alloy). The order of activity for catalysts was highly influenced by the
preferential adsorption of oxygen molecules on the surface of catalysts where there is a competition
for adsorption between the molecules of oxygen and volatile organic compounds (VOC). Experts
confirmed that gold acts as an electronic promoter for Pd, that’s why the higher catalytic activity
was observed with Pd(shell)-Au(core)/TiO2. In addition, the lower activity of Au(shell)-
Pd(core)/TiO2 could also be correlated to its lower affinity for adsorption of oxygen due to the

lower ability of Au to polarize oxygen molecules.
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Figure 4. Graph showing the conversion of toluene as a function of the reaction temperature for Pd/TiO2; Au/TiOo;
Pd(shell)-Au(core)/TiOz; Au(shell)-Pd(core)/TiO,; and Pd—Au(alloy)/TiO; catalysts. Mesoporous TiO, was used as
support due to its high surface area. Adapted from [33]

1.2.3 LSPR sensing properties

The fundamental mechanism of the LSPR sensor is based on the monitoring of the refractive index
(R1) variations of the medium on the surface of the sensor [34]. Surface of BNPs can be precisely
functionalized by recognition groups, which can interact with target analytes. This method is
generally useful with many systems, containing nucleic acid, peptides, proteins, DNA, ribose
nucleotides (RNA), and carbohydrates, by modifying the sensors with the corresponding
recognition element. When interacted with target analytes, the dielectric environment near the
surface of BNPs will be altered. Consequently, such changes will be revealed as shifts in the
resonance frequency of LSPR, which can be measured by either angular examination, wavelength
investigation, or intensity measurements [1] . These strategies are usually done for highlighting the
sensitivity of a given plasmonic sensor. Following this concept, a large number of sensors have
been developed and used in diverse applications in fields of medical diagnostic, food safety,
environmental protection and biotechnology [35,36].
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For example, Jing Wang et al. draw our attention to the enhanced sensitivity of a wavelength
modulator surface plasmons resonance (SPR) biosensor emerging from Au/Ag alloy
nanocomposites immobilized on the surface of a gold substrate modified with sulfhydryl groups
[37]. Au/Ag alloy nanocomposites displayed a detection range of 0.15-40.00 mg mL? to the
response of human Immunoglobulin G protein (IgG), which was covering a higher range than
those obtained by AuNPs with the same particle size (0.30—-20.00 g mL™?). Due to phenomenon of
alloying, the large shifts in resonance wavelength were shown to be widely affected by the increase
in thickness of the sensing membrane, high dielectric constant of Au/Ag NPs, and electromagnetic

coupling between Au/Ag alloy nanocomposites and Au film.

In [38], the authors investigated the effectiveness of biotinylated Ag/Au core-shell nanoplates as
enhancers in SPR biosensing of streptavidin protein. They affirm that binding can be monitored
by measuring the change in the SPR angle when streptavidin adsorbs on the sensing surface of

biotinylated Ag/Au nanoplates.

Recently, an enhanced hydrogen sensing has been demonstrated on a single palladium nanoparticle
placed with a variable distance d near a tip region of gold antenna [39]. It was evident that the
detection sensitivity of plasmonic gas sensors is of decisive importance when gap regions between
NPs are typically small. Later, distinct morphologies of Au/Pd core-shell BNPs are made
vulnerable to different facets that display diverse surface atomic arrangements and surface
electronic distributions; consequently leading to different adjustable hydrogen sensing properties
[40]. Exposing Au/Pd NPs to hydrogen gas leads to the diffusion of atomic hydrogen into the shell
layer of Pd thus forming PdH. This gives rise to a change in the RI of the Pd shell, and the
absorption spectrum of such NPs detected this change. In this study, particles with larger sizes or
thicker Pd shells result in large spectral shifts upon hydrogen absorption. As well, they indicate
that the H, uptake trajectory depends on the shape of the nanocrystal. LSPR sensing was also
developed as an effective way for monitoring different processes including enzymatic activity of
oxidation of glucose [41], detection of heavy metal ions such as Hg [42], and colorimetric detection

probes of cyanide ions [43].
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1.2.4 SERS Enhancement features

SERS enables the identification of vibrational modes of molecules adsorbed on a surface of MNPs
with intensified electric fields and amplified Raman signals [44—47]. The enormous outstanding
sensitivity of SERS over Raman spectroscopy emerged from two-enhancement mechanisms,
namely electromagnetic and chemical enhancements. Electromagnetic enhancement (EM), which
arises from the presence of SPR on the surface, can drastically increase the E-field intensity near
the NPs by an EF up to 10”. Whereas, chemical enhancement involves charge transfer between
chemisorbed species and metal surface with SERS enhancement of factor 102 E-field
enhancements will not homogeneously occur over the entire metal substrate surface, but will be
centered at specific sites called «hotspots». Many experts seek for building such hotspots from
NPs with sharp features, roughened surfaces, and high number of inter or intra-particle nanogaps
[48,49].

BNPs, used as SERS substrates, can display an extraordinary SERS enhancement that can allow
the detection of trace concentrations of chemical and biological molecules [50]. In pursuit of this
goal, many efforts were made to fabricate large-scale SERS-active substrates with high density of
hotspots yielding huge enhancement. Several studies, for instance, have drawn the attention to the
higher EF ascribed to BNPs when compared to monometallic NPs [51,52]. Yong et al. provided
the reasons behind observing the stronger SERS signal of Au@Ag core-shell films for rhodamine
6G (R6G) than those from pure Au, Ag and Ag@Au core-shell films [53]. Yong’s assumptions
were fully justified and endorsed by plausible deductions when he attributed the enhancement to
the electronic ligand effect in BNPs and localized electric field enhancement. Figure 5 represents
SERS spectra of R6G on the monolayers of Au, Ag, AU@Ag and Ag@Au NPs excited at 532 nm
with the observed Raman bands at 1650, 1575, 1538, 1365 and 1190 cm, which can be attributed

to v(C—C) stretching vibrations of R6G molecules as mentioned in the literature.
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Figure 5. SERS spectra of R6G adsorbed onto (a) Au monolayer; (b) Ag@Au monolayer; (c) Ag monolayer; and (d)
Au@Ag monolayer. Adapted from [53]

One of the major drawbacks to adopting a monometallic Pd nanosystem is the weakness of their
SERS response. The incorporation of a second MNP such as Ag into Pd can be geared towards
enhancing the SERS activity of PANPs by borrowing the Raman enhancement from the coinage
metal (Ag). Whereas, highly branched concave Au/Pd bimetallic nanocrystals, prepared by seed-
mediated growth (SMG) in aqueous solution at RT, exhibited a striking SERS enhancement signals
at remarkably low concentrations, mainly due to the existence of a high number of intra- and
interparticle gaps, tips, and edges that serve as hotspots for amplifying the EM field [54].

Jianlei Shen et al. reported a DNA-mediated method for fabricating Ag/Au nanomushrooms with
interior nanogaps and concluded that SERS intensities of these nanomushrooms rely on the area
of the nanogap between the gold head and the silver cap [55]. As can be seen from Figure 6, SERS
spectral results reveal that SERS intensities from nanomushrooms with interior nanogaps were
approximately 30 times greater than the signal from the corresponding nanostructures without
nanogaps. Nanomushrooms with interior nanogaps displayed the highest maintainable SERS

activity, the best remarkable long-term stability, and the strongest EF.
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Figure 6. Schematic representation of the controllable synthesis of nanomushrooms and their application in multiplex
DNA detection. AuNPs modified with Raman-labeled DNA were used for the oriented growth of silver on their surfaces.
Nano-mushrooms with interior gaps were formed in the absence of NaCl; these nanomushrooms generated strong SERS
signals. Interestingly, anisotropic Au/Ag nanostructures without interior gaps that showed very weak SERS signals were

synthesized in the same reaction solutions if the NaCl in the AUNP—-DNA solution was not removed. Adapted from [55]

1.2.5 Solar photothermal conversion properties

Table 1. Solar photothermal conversion performance of different particles prepared using a sodium citrate thermal
reduction method. Adapted from [61]

Fluids Equilibrium Solar photothermal Specific
temperature conversion absorption
change/°C efficiency/% rate/kW-mL

A: Au 57.63+0.34 37.81+£0.92 19.83 +0.51

B: Au/Ag=4/6 59.32+022 41.37+0.71 21.70+0.42

(Bimetallic
NPs)
C: Ag 50.76 £0.27 23.35£063 12.25:0.35
D: AufAg=4/6 54.59+0.40 31.41+0.93 16.47 +0.51
(Blended
NPs)
E: H,0 39.66 +0.42 - -

To further understand the importance of BNPs, an additional application was postulated in
enhancing photothermal conversion efficiency in solar applications [15]. In the photothermal
conversion process, metal nanostructures as Au and Ag can serve as systems that efficiently

convert radiated energy into heat upon absorbing light [56-60]. These applications are made
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possible through electron-phonon and phonon-phonon interactions generated through the transfer
of the kinetic energy of oscillating electrons into the particle lattice. Meijie Chen et al. have
reported a facile synthesis of Au/Ag BNPs by a sodium citrate thermal reduction method [61].
Table 1 details the calculated solar photothermal conversion performances of different particles.
Experimental results, based on calculation models and descriptions of the energy absorbed per unit
volume of NP and time, have assured that Au/Ag BNPs exhibited a higher solar photothermal

conversion efficiency and a higher specific absorption rate than pure Au and AgNPs.

1.3 Significant properties of monometals influencing the final bimetallic

nanostructures (alloy or core-shell or heterostructure)

(b)

Figure 7. Hlustration of a possible mixing pattern in a bimetallic alloy system. (a) the core—shell structure; and (b)
heterostructure belong to a phase-separated alloy. Solid-solution alloys include (c) an ordered alloy with long-range

order; and (d) random alloys with short-range order. Adapted from [62]

When more than one metal exists in a specific composition of NPs, several factors could be of
prime importance in logically speculating the final structuring of BNPs [13]. We note from Figure
7 that there are different mixing patterns for bimetallic systems [62]. Plasmonic noble metals such
as Ag (1.246 J.m?) and Au (1.506 J.m™) are characterized by their lowest surface energies in
comparison to other metals such as Pt (2.489 J.m™), Pd (2.003 J.m?), Ru (3.043 J.m?), and Rh
(2.659 J.m™) [63-65]. When mixed with Pt, Pd, Ru, and Rh, metals with lower surface energies as

Ag and Au possess the susceptibility to migrate to the surface of BNPs. Nevertheless, in case of
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supporting the surface with surfactants or facet-specific capping agents, the surface will

preferentially expose specific composition or specific facet.

On the other hand, the relative strengths of homonuclear and heteronuclear bonds play an
important role in alluding to the final structuring of BNPs. In general, stronger heteronuclear (A—
B) bonds than homonuclear bonds (A-A and B-B) can lead to alloying/ mixing of metals.
However, segregation of metals arises from nanostructures forming stronger homonuclear bonds;
thus, tending to be at the center (core) of the cluster. For example, several strengths of bonds were
tested for assuming the final atomic ordering of bimetallic nanostructures [66—71]. It was revealed
that Au—Au bonding (Do = 215 and 218 kJ/mol at 0 K and 289 K, respectively) is higher than Au—
Pd and Au-Ag thus favoring to typically yield an Au rich core of bimetallic particle, while it is
lower than Au—Rh and Au-Ni thus tending to mix with those metals. Also, strengths of silver
homonuclear bonding (Ag-Ag) (Do = 159 and 163 kJ/mol at 0 K and 289 K, respectively) are
lower than silver bonding with gold (Ag-Au) and copper (Ag-Cu) thus preferring alloys

formation.

To afford the desired final structuring, atomic radius of the two metallic NPs can provide
information on the final morphological distributions. Alloyed or core-shell structures could be
formed when the atomic radii of two metals are equal. Otherwise, atoms with smaller size have

the capability to conquer the more sterically packed core.

Moreover, it is familiar that distinct pairs of metals are susceptible to segregation when their
standard potentials are different. Relying on the differences between the reduction potentials of
metals, it could be concluded that large differences normally result in a core—shell structure while

small differences lead to an alloyed structure [72].

Hybrid nanosystems constituted of Ag and AuNPs devoted special attention of researchers due to
their intense and well-defined LSPR bands in the visible range [73]. The crystalline lattice
constants of both metals are extremely similar (4.078 A for Au and 4.086 A for Ag) [74]. These
features supply stable Ag/Au BNPs with crystal structures allowing a high degree of adjustment
in the corresponding plasmonic properties [75], in addition to a preferential tendency towards alloy
formation. Later, many experts contend, on the other hand, that this evidence is not conclusive by

fabricating Ag/Au BNPs adopting a core-shell structure [76].
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A complete and reliable interpretation of the optical data of synthesized BNPs is essential for
assuring the final structuring of nanostructures. Generally, it is known that Au and AgNPs possess
plasmonic absorption bands at approximately 520 and 400 nm, respectively (by taking into
consideration the simplest shape: spheres) [77,78]. By mixing the two metals, the appearance of
two plasmonic peaks in the absorption spectrum would be expected for a physical mixture of
individual Au and AgNPs [61]. However, it is crucial to judge if some mutual interactions seem

to exist between both Ag and AuNPs by referring to some experimental means.

By simultaneous (at same time/synchronous) reduction of metallic salts in solution, only one LSPR
band is a characteristic for bimetallic alloy nanosystems [79]. In case of alloying, the LSPR
spectral positions lie between the positions of those pure Au and pure AgNPs and show absorption
bands red-shifted almost linearly with increasing Au content as illustrated in Figure 8(a) [80]. It is
worth noting that the absorption intensity of bimetallic systems decreased upon increasing Au
content. This could be ascribed to the fact that one monolayer of Au could be adequate for
hindering and weakening the Ag plasmon resonance band completely as suggested by Mulvaney
etal. [81]

By sequential (successive) reduction of metallic salts, bimetallic core-shell structures with an
absorption band blue shifted from the core metal and red shifted from the shell metal could be
fabricated [82]. As stated in Figure 8(b) [80], the disappearance of LSPR absorption band of
previously formed monometallic particles, used as a core, and the formation of LSPR band of the
second metal in the spectra of the same colloid can validate the occurrence of a new plasmonic
metal shell.
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Figure 8. Optical spectra of colloidal solutions of bimetallic NPs of alloy type with different metal molar ratios (a);

and core-shell type with different topology (b). Adapted from [80]

1.4 Synthetic Approaches for controlled morphologies of bimetallic

nanostructures

Optimizing the functionality and the application performances of BNPs are heavily dependent on
the synthetic methods used, which have further strengthened the confidence in advancing the
synthetic approaches that can allow their preferential formation [4,12,83-86]. However, a grand
challenge still resides in the construction of controlled shapes of BNPs due to the different kinetic
and thermodynamic properties of different metals that made them complicated in ensuring
synchronous nucleation and growth [1]. To date, the most solution-based synthetic approaches
used for shape-selective growth of BNPs are: co-reduction, template-directed growth via galvanic
replacement reactions (GRR), and SMG methods [10]. Figure 9 shows the basic synthetic
pathways that were successfully used for the fabrication of different types of BNPs. In the first
route (Figure 9A), dendritic nanostructures [87-92] or alloyed nanocrystals [93-97] can be
manufactured. In the latter two routes (Figure 9B and C), porous hollow [98-102] and core—shell
[103-106] bimetallic nanostructures are created respectively. Each synthetic approach has its own
conditions for developing such types of bimetallic nanostructures. It is noteworthy that some
synthetic strategies require the combination of two or more of these three basic routes at the same

time.
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Figure 9. Synthetic approaches for bimetallic nanostructures with controlled shapes. (A) Co-reduction method to form
dendritic core-shells or alloyed nanocrystals with polyhedral shapes. (B) Galvanic replacement reaction method to
form porous hollow bimetallic nanostructures. (C) Seeded growth for the formation of core-shell nanostructures.
Depending on the amount of the precursor and the deposition mode of the second metal, it may form a conformal thin

layer coating, thick shell, or nanoparticle array on the surface of the first metal. Adapted from [5]

1.4.1 Lithographic Fabrication (EBL, NSL, NIL)

Unlike solution synthetic methods, lithography has been widely implemented in the fabrication of
nanostructures with precise control over the size, shape, nanoscale gaps, and organization of nano-
objects on the surface [107,108]. Moreover, the synthesis of uniform reproducible SERS-active
substrates, yielding strong SERS signals, has been easily conducted using lithographic techniques
[109,110]. Conventional lithographic techniques such as electron beam lithography (EBL) employ
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polymeric resists to fabricate masks for deposition or etching of nanostructures with high
resolution. A substrate coated with a thin layer of resist, mainly made of a polymer as PMMA,
will be exposed to a scanned electron beam over specific regions according to a programmed
pattern. Exposing the positive resist (i.e. PMMA) to an electron beam devastated its structuring by
breaking it down. These resist exposed areas will be subsequently removed by a chemical
development process through an immersion with solvents such as MIBK, TMAH, etc. Afterwards,
metals such as Ag or Au can be deposited onto the substrates followed by a step to remove the
remaining resist and the metal covering it (lift-off); thus leaving behind an ordered array of Ag or

Au nanostructures patterned with high resolution [111].

Their attempts to do BNPs, usually with low throughput productivity, are cumbersome and
financially unfeasible [112]. In fact, there is an obstacle in patterning features only a few
nanometers apart (below 10 nm) [113]. For this reason, sometimes a high resolution is challenged
to define the nanogaps, that maximize the intensity of hotspots, between plasmonic nanostructures.
The use of adhesion layers can severely damp plasmonic resonances [114], in addition to a
possibility for the perturbation of the uniformity of NPs arrays and their shapes, if a restricted
damage to the resist as well as ineffective lift-off at such small sizes could eventuate [113]. It is
important to note that this approach is well-suited to generate periodic arrays of NPs with gap sizes
limited to 50 nm [115]. Inevitably, non-conventional lithographic techniques such as Nanosphere
Lithography (NSL) and Nanoimprint Lithography (NIL) have been developed to mitigate the
serious shortcomings recognized by EBL, in an aim to promote a saving in both time and cost and

to enhance the productivity.

NSL comprises the self-assembly of colloidal spheres into hexagonally close-packed arrays on
surface of substrates. Nanohole arrays can be obtained with this NSL mask from the
electrochemical deposition of a metal layer in the interstitial voids created by the mask [116-118].
However, there were some discrepancies regarding this technique since it does not allow the
control of the hole diameter and have limited range for the depth of the nanoholes.

NIL is a major breakthrough in nanopatterning because it can produce high resolution structures
over a large-area with a high throughput and at low cost [119]. NIL is a three-stage processing
route that is applied for the creation of periodic arrays of complex metal nanostructures as AU@Ag

structures and Au@AgPd structures [120]. Figure 10 summarizes the proceeding steps followed
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for the nanofabrication by nanoimprint lithographic technique. In the initial stage of the process,
the deposited resist, acting as target sites for formation of BNPs, will be imprinted and exposed to
a reactive ion etch (RIE) thus creating an array of openings on the surface. Prior to imprintation,
the polymeric resist was spin-coated and baked on a stationary substrate at elevated temperature
and pressure. Imprintation will consequently form cylindrical holes without reaching the bottom
of substrate surfaces. As soon as these steps have been carried out, metals will be deposited through
the openings and the remaining resist followed by a lift-off procedure for the removal of the resist
and a heat treatment. This permits the formation of an array of circular Au disks which are further
undergoing a dewetting process to allow their diversion into weakly faceted structures with a near-
hemispherical geometry of smaller diameter than the initial Au discs. Subsequently, the resulting
Au seeds arrays at the center of each target site are subjected to wet-chemistry solution protocols
and can be readily transformed into progressively more sophisticated nanostructures (BNPs: core—
shell, core-void-nanoshell, and core-void-nanoframe nanostructures). These protocols are
adapted from one of the many seed-mediated fabrication methods that have been designed to
generate colloidal nanostructures [120]. However, their claims seem somewhat exaggerated since
the usage of NIL stamps can ultimately restrict the density of the nanostructures produced, and
show damage over time by disrupting the produced arrays. Such an inappropriate assumption for
the temperature used in template dewetting process can lead to grave consequences with regard to

control over nanostructures' center-to-center distances and shapes [120].

Taken together, these results suggest that lithographic techniques are still treated as complicated
methods due to the multisteps required for developing templates with arrays of nanoscale patterns.

Also, its tough conditions make it difficult to replicate.
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Figure 10. Schematic view showing the formation of periodic arrays of Au nanostructures using NIL followed by
templated dewetting, and transformation of Au seed arrays into different structures of BNPs using solution-based
syntheses adapted from one of the many seed-mediated protocols that have been devised to generate colloidal

nanostructures. Adapted from [120]

1.4.2 DNA-mediated synthesis

DNA mediated synthesis represents an innovative approach for the synthesis of BNPs. This
technique provides a higher potential for improving the performance of BNPs by achieving a high
degree of control over their shapes, interparticle gaps, and their surface properties [113]. DNA,
which is a useful molecule for assembly, has many interesting features including its availability
and well-understood interactions [121]. As an easily adaptable material, it has regularly arranged
functional groups and well-developed chemistries for different specific modifications [122,123].
For instance, in accordance with [124], distinct morphologies of core-shell Pd/Au BNPs can be
modulated by varying the DNA sequences as highlighted in Figure 11. The synthesis was
accomplished by co-reduction of Au and Pd precursors on simple Pd nanocubic seeds in the
presence of homo-oligomers containing 10 deoxy-ribonucleotides of thymine (T10), adenine
(A10), cytosine (C10), and guanine (G10). The different stages as well as the phenomena that are
likely to intervene during the growth of Pd/Au BNPs were described accurately [124]. The
formation of these nanostructures proceeds through an island-like nucleation of metals on the Pd
cube which eventually becomes an epitaxial shell. DNA sequences were highly influential in

determining how the incoming metal atoms will undergo deposition and diffusion on the Pd
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nanocubic seed. Controlling BNPs morphology through varying DNA binding affinities shifted
the morphology into different complex assembly schemes. This indicated that interaction of DNA
molecules with two metals is a dynamic process that depends heavily on the sequence of DNA and
the identity of metals. The binding of DNA to Pd seed directs the particles growth to the desired
shapes by lowering surface energy in a sequence dependent matter. The extent of lowering surface
energy can be explained by the differences in binding affinity and coverage density of DNA to Pd
nanocubic seed. In summary, A10 mediated particles can significantly lower the surface energy
thereby forming rhombicuboctahedron. In contrast, T10 mediated particles lowers the surface
energy the least leading to the formation of satellite core-frame bimetallic nanostructures.
Additionally, when A10 interacts with gold precursor, it enables the preferential formation of
smaller nano-crystallites before its aggregation and deposition on Pd nanocubic seed [125]. While
G10 promotes the formation of secondary structure that passivate the surface of seed.
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Figure 11. Proposed Mechanism of Growth of different morphological features of Pd/Au Bimetallic Nanostructures
Influenced by Different Sequences of DNA. Adapted from [124]

Within the framework of this criteria, experts developed this methodology using a ~ 75 nm concave
palladium cube seed as the core [126]. The aim of this study is to examine whether DNA molecules
with different sequences could still exert an influence on the surface of seeds enclosed by high-
energy sites. There were some significant differences between DNA-mediated growth of the Au

shell onto a simple cubic core and concave cubic core as far as influence of DNA is concerned.
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This occurred due to the different interactions observed between the DNA molecules and different
seeds, which show different properties. Presumably, DNA in presence of simple cubic core triggers
a remarkable effect from the beginning of growth of NPs. In fact, contrary to what was previously
observed, the initial growth was heavily dictated by the surface energy of the seed when concave

cubic core is employed [126].

Bimetallic plasmonic nanosensors consisting of gold nanorods (AuNRs) and palladium satellite
nanocrystals with short interparticle spacings were also assembled with the aid of DNA linkers
[127].

Other works focused on functionalizing graphene (GR) with single-stranded DNA to enable the
growth of PtAu BNPs nanosensors with high densities and dispersions [128]. Integrating GR-based
hybrids with DNA molecules prevents the inevitable aggregation of GR sheets, and directs the
growth of BNPs with uniform distribution and high dispersion efficiency on GR. This integration
leads to an improvement in creating a biosensor that determine glucose at a low applied potential

with wide linear range, low detection limit, good selectivity, stability, and reproducibility [128].

J. Brinz et al. presented a gap-tailored construction of Au/Ag core—shell nanoparticle dimers using
triangular DNA origami substrates. They combine DNA origami technique with SERS to provide
high EF for the detection of single dye molecules (TAMRA and Cy3) [129].

The shortcomings of DNA-programmed assemblies include its difficulty in controlling the location
of DNA molecules on surface of NPs. DNA molecules, used for bridging adjacent NPs, could
interfere in the SERS detection of adsorbed molecular species and prevent other molecules from

entering the gap region [113].

1.4.3 Seed-mediated Growth (SMG)

SMG was viewed as the most used solution-based synthetic approach for shape-selective growth
of BNPs. Findings regarding this approach have led to precise manipulation of resulting
nanostructures in terms of sizes, aspect ratios, and shapes when managing the growth rates of
different crystallographic facets [130]. There is a vast amount of literature on synthesis of core-
shell [9,76,131-134] and BNPs heterostructures [105,135,136] using this approach.
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Seeded growth was effective in producing Au/Ag core-shell NPs with distinct controllable
polyhedral shapes. Continuous epitaxial growth of Ag shells on spherical gold seeds yielded the

formation of adjustable Au/Ag spheres, cuboctahedrons, and cubes over a large scale [137].

By tuning the concentration of the capping agent, the amount of reductant, or the rate of injection
of the Pd precursor solution, Au/Pd core—shell NPs with a number of morphologies, including
octahedra, rectangular bars, cubes, and dendrites were prepared [138]. These shapes were initiated
by implementing a kinetic control that enables the manipulation of the rate at which atoms are
generated and added to the surface of a growing seed. Figure 12 shows a schematic illustration of
the morphology change with the increase in reaction rate. When the reaction rate was very low,
octahedral and concave octahedral profiles mainly enclosed by {111} facets were attained. In this
case, the growth was located in the thermodynamically controlled regime where Pd atoms could
migrate along the nanocrystal surface to minimize the total surface energy. A higher reaction rate
generated the formation of cubes and rectangular bars enclosed by {100} facets with higher surface
energies. By increasing the reaction rate beyond the thermodynamically controlled regime,
anisotropic overgrowth would emerge owing to a faster rate of atomic addition than that of adatom
diffusion on the surface. Accordingly, concave cubes or branched morphologies might reveal in

the final products.
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Figure 12. Schematic illustration of the evolution of morphology associated with the Au/Pd core-shell nanocrystals

as a function of reaction rate. Adapted from [138]

Yanyun Ma et al. demonstrated the synthesis of Au/Ag core-shell nanocubes with controllable
edge lengths in the range of 13.4-50 nm by employing spherical single-crystalline Au-CTAC seeds
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(~ 11 nm in size) [139]. In order to identify the key factors of this synthesis and to provide a
proposal for synthetic mechanism, Yanyun Ma et al. carried out a parametric study dealing with
the influence of different parameters on the structure of BNPs during the addition of AgNOs,
ascorbic acid, and CTAC into an aqueous suspension containing the Au seed [139]. The thickness
of the Ag shells was reliably controlled from 1.2 to 20 nm by varying the ratio of AgNO3z precursor
to Au seeds. The size of the resultant Au/Ag core-shell nanocubes was varied from 13 to 50 nm
depending on either the amount of AgNOz or the amount of Au seeds added into the reaction
solution. Growth of BNPs with different capping agents (CTAB or CTAC) exhibits different
impacts on both size and shape of the resultant core-shell nanocrystals. Successful size and shape
control on BNPs with high yields has been reported using CTAC instead of CTAB. CTAB leads
to evolution of single-crystalline Au seeds into twinned structures due to its weaker oxidative
etching power relative to CTAC. Moreover, upon the addition of AgNO3 solution, the growth step

in presence of CTAB leads to the formation of a large quantity of insoluble AgBr precipitate.

By adjusting kinetic and thermodynamic factors, it is possible to optimize the overgrowth process
of deposited metals to achieve the desired well-defined morphologies of BNPs [140]. It is
worthwhile noting that the choice of reducing agents is of decisive importance in controlling the
overgrowth mode in a seeded-growth process [141]. Through this approach, Pd/Au BNPs with
distinct crystal growth processes, structures, and morphologies were developed [141]. Byungkwon
Lim stated that Pd nanocubes, prepared in an aqueous solution with average edge length of ~ 10
nm, were used as seeds for the growth of HAuCl4 in presence of two different reducing agents i.e.
L-ascorbic acid and citric acid [141]. Introduction of L-ascorbic acid led to the formation of core-
shell structure with a conformal overgrowth of Au on Pd, whereas with citric acid it led to
formation of Pd-Au dimers adopting a heterostructure form with a localized overgrowth. The
marked observation to emerge from the transition from multiple-site to single-site growth was that
citric acid can stabilize the {111} facets of the deposited Au particles, thus promoting their growth

into a decahedral or platelike structure whose surfaces are enclosed by {111} facets.

SUSAN E. HABAS et al. reported that the degree of lattice mismatch between two metals can also
have a strong effect in directing the overgrowth of secondary metals onto well-faceted seeds [142].
In this synthesis, highly faceted cubic Pt seeds, acting as nucleation centers for overgrowth of
secondary metal, were exploited in the presence of two different metals i.e. lattice-matched Pd and
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lattice-mismatched Au. When there is a close lattice mismatch ~ 0.77 % between seeding (Pt) and
deposited metal (Pd), conformal epitaxial growth ensues and results in the formation of Pt/Pd core-
shell bimetallic nanocubes. Pt/Pd core-shell nanocubes evolve into Pt/Pd core—shell cuboctahedra
and octahedra respectively through an addition of increasing amounts of NO2 which altered the
growth rates along the <100> and <111> directions. This study confirmed that defined structure
of Pt seed has a direct influence on the controlled overgrowth of Pd from the epitaxial interface.
In other words, when growing a different material on well-faceted seeds, the control over
nucleation and growth of the secondary structure can be achieved by using the defined seed
morphology. Conversely, large differences in lattice mismatch ~ 4.08% between Pt and Au give
rise to a heterostructure showing an anisotropic overgrowth of Au nanorods with a single partially

embedded Pt cube at the perimeter.

In order to develop a deep knowledge about the growth mechanism, Feng-Ru Fan et al. rationally
designed three binary metallic core-shell nanocrystals i.e. Au/Pd nanocubes, Au/Ag nanocubes,
and Au/Pt nanospheres using Au octahedron seeds with two typical growth modes [143]. Mainly,
the growth of M2 on the surface of M1 follows three different growth modes: Frank-van der Merwe
(FM), layered growth; Volmer-Weber (VW), island growth; and Stranski — Krastanov (SK), first
layered growth and later island growth [144]. As demonstrated in Figure 13, the growth of
heterogeneous metal shells on the gold core follows a conformal epitaxial growth for both Au/Pd
and Au/Ag nanocubes, and a heterogeneous nucleation and island growth for Au/Pt nanospheres.
To acquire an epitaxial layered growth of heterogeneous core-shell nanocrystals (F-M mode),
several requirements should be met: (i) lattice constants of two metals should be comparable and
the lattice mismatch between the two metals should be small enough (< 5%) so that not much
lattice strain is introduced when the second metal (M2) is growing on the surface of the first metal
(M1); (ii) the electronegativity of the shell metal is lower than the core metal in order to avoid any
galvanic displacement reaction and to easily wet the surface of the core by reserving the template
of the first metal for the deposition of the second metal; (iii) the bond energy between metal atoms
of the shell should be smaller than that between the shell atoms and substrate atoms. Otherwise, a
so-called VW growth mode takes place, causing the formation of “islands” of M2 on the M1
nanocrystal surface. Consequently, it is surprising that conformal epitaxial growth mode is
applicable to Au/Pd nanocrystals with a large lattice mismatch (4.71%) but not to the Au/Pt one
with relatively small lattice mismatch (3.80%). That's why other factors should be taken into
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consideration. Higher Pt—Pt bond energy is mainly the factor which is responsible for the

differences of growth modes between Pt and other two metals (Pd and Au) [143].
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Figure 13. Schematic illustration of two typical growth modes of heterogeneous structure for binary metal core-shell

nanoparticles. Adapted from [143]

1.4.4 Copolymer-mediated self-assembly

Assembling nanoscale components into ordered, isotropic, and anisotropic structures is considered
as an attractive strategy for creating advanced nanomaterials with a widespread field of
applications in catalysis, optoelectronics, sensing, nanomedicine, and bioimaging [145]. Among
the synthetic methods of self-assembled BNPs, the use of amphiphilic di-block copolymers
incorporated within colloidal NPs has been previously conducted for manufacturing
multifunctional nanostructures [145-149]. Copolymer matrix was used as a structure-directing
agent for inorganic components and for adjusting the self-assembly into thermodynamically highly
stable micro-phase domains with precisely controlled sizes, shapes, and interparticle gap distances
[145].

Block copolymer poly(styrene-block-4-vinylpyridine) (PS-b-P4VP) spherical micelles, with polar
P4VP heads constituting the core and PS tails forming the shell, were employed as efficient
building blocks for designing and encapsulating homogeneous Au/Ag alloyed arrays with well-
controlled structural properties [150]. Both Au & Ag metallic salts were added to the copolymer

solution, with different atomic ratios and different ordering of addition, in presence of hydrazine
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monohydrate as reducing agent. BNPs were subsequently diffused into the functional P4VP core
of micelles at the end of the synthesis. Convenient block copolymer chain lengths, mainly choice
II, were selected in order to prevent the swelling, bursting, and coalescence of micelle cores (refer
to Figure 14). This choice enabled the fabrication of stable and spherical NPs with well
organization and narrow size distribution. Such an inappropriate order of depositing metallic salts
(first Au, then Ag) also leads to serious consequences with regard to formation of insoluble AgCl
precipitate, prior to addition of hydrazine. This also hinders the possibility of obtaining high
quantities of AuAg alloys [150].

@A @Ag @ AuAgNPs
@~ PS-Block Hy N;H:H;O

Figure 14. Schematic illustration of the formation of AuAg NPs inside BCPs: (I) PS(145)-PVP(32); and (I1) PS(854)-
PVP(38). Adapted from [150]

Both blocks of di-block copolymer (PS and P4VP) are totally inconsistent with each other due to
their different solubilities and affinities [145]. When several requirements met, such as presence
of toluene (selective solvent for PS block) and high polymer concentration, spherical micelles with
two different types, either star-like or crew-cut micelles, will be spontaneously formed [145].
However, it has been observed that block copolymer amphiphiles can be assembled into vesicles

and other morphologies with remarkable different properties as mentioned in Figure 15.
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Controlling micelle’s morphology through adding a co-solvent (i.e. water) shifted the morphology
from micelles into rods and rings (1D nanostructures) as well as vesicles (2D nanostructures) by
selectively swelling the micelle’s P4VP core. This indicated that micelle’s morphology can be
adjusted by varying the degree of swelling of the metal loaded P4VP block, thus providing an
important role in stabilizing NPs in solution as well as tuning their diameter, dimensions, and
distances when deposited onto solid substrates. The ultimate morphology is also determined by the
degree of polymerization and the relative composition of the different blocks [145].

SOLVENT BLEND
+HO

Micelle Rod

Figure 15. Controlling the micelle morphology through the addition of a co-solvent (H20), which selectively swells
the micelle’s core (P4VP). The morphology is shifted from spherical micelles to rods (or cylinders) and rings as well
as vesicles. The TEM micrographs show each of the morphologies separately, where the nanoparticles appear as dark
spots in the polymer matrix. The scale bar in the micrographs is 50 nm. Adapted from [145]

Preliminary work in this field focused primarily on co-encapsulation of different types of NPs in
the hydrophobic core of the block copolymer micelles [151]. Later, Sunita Sanwaria et al. have
confirmed that one type of nanoparticle could be formed in core and the other NP driven to the
shell of block copolymer micelles [151]. As can be seen in Figure 16, PS-b-P4VP block copolymer
micelles, acting as nanoreactors for fabricating multifunctional core—shell nanofibers, were self-
assembled and elongated into a cylindrical shape. PS-coated AgNPs (Nanoparticle 1) were directly
combined with cylindrical PS domains of block copolymer. Then, a selective solvent for P4VP
was added to the encased Ag-PS-b-P4VP to generate swelling of the P4VP matrix, disintegration,
and release of isolated cylindrical domains in the form of nanofibers. The presence of the isolated

nanofibers with Ag-loaded-PS core and P4VP shell, enables the immediate contact and interaction
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of Au (Nanoparticle 2) with the reactive P4VP shell and protects the encapsulated particles in the
core [151].
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Figure 16. Schematic illustration for the preparation of multifunctional core—shell nanofibers functionalized with two
different types of nanoparticles loaded in the core and in the shell from self-assembled block copolymer template via

selective solvent approach. Adapted from [151]

Block copolymer templated synthesis was also devised for fabricating Au/Pt [152] and Pd/Pt [153]
core-shell structures, arrays of Pt/Ir alloy nanoclusters [154] and Pd/Ag alloy NPs [155].

In particular, major previous efforts and studies were widely concentrating on the fabrication of
metallic NPs, using amphiphilic diblock copolymers as templates, via self-assembly approach.
Regardless of its great success, most of these methods suffer from a plethora of pitfalls due to the
need of many purification steps to obtain purely metallic NPs i.e. selective functionalization of
polymer, usage of reducing agents for reduction of metallic salts, and extraction of polymer film
via etching or thermal annealing under Ar [156]. It is unfortunate that most of studies have been

carried out by fabrication methods that need long processing times and laborious steps.
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1.4.5 Other Synthetic Approaches
Table 2 shows a list of different biological, physical, and chemical approaches used for the

fabrication of bimetallic nanostructures.

Table 2. List of other synthetic approaches for BNPs

Synthetic Approach References
Femtosecond Laser Ablation [157]
Radiolysis [158,159]
Microemulsions [160,161]
Biogenic Synthesis [162,163]
Impregnation method [164]
Sonochemical Synthesis [165,166]
Atomic layer deposition [167]
Solvothermal hot-injection [77,168]
Sputtering process [169]
Laser induced dewetting [170]
Chemical reduction methods [85,171]
Hydrothermal Synthesis [25]
Polyol process [172]
Photodeposition [173,174]
Galvanic Replacement reactions [175,176]
Thermal Annealing of metallic [50]
films

1.5 Conclusion

According to the state of art, most studies have tended to focus on solution-based synthetic
approaches for shape-selective growth of BNPs. Despite its shortcomings, only lithographic routes
have been applied for a direct fabrication of BNPs on surface. The main drawbacks that limit the
potential of lithographic technique in manufacturing of large-scale substrates include its high cost,
low throughput, and complexity due to its multiple steps and long reaction times. Nevertheless, in
comparison to self-assembly methods, lithography is not well-suited for producing controlled
nanogaps below 10 nm. Herein, we identify a solution to this dilemma by fabricating BNPs
substrates chemically due to the ease of preparation and the stronger Raman enhancements with

respect to the physical methods. This thesis is an overview of a preliminary attempt to synthesize
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different types of BNPs systems with controlled structural properties on surface via a convenient
synthetic chemical route, known as VIPS approach, that requires a marked decrease in the reaction
time, and the lack of using any reducing agents and complicated equipment. This innovative
approach will be explored in more detail in the next chapters. This strategy has the ability to
outperform all previous approaches, by allowing the conducting surface to be responsible for the
transfer of electrons to the metallic salts via a simple reduction reaction, and providing an improved
control on structural properties. Until now, this methodology has only been applied to
monometallic NPs. Within the framework of this criteria, our main target is intended towards
fabricating Ag/Au BNPs due to the important traits achieved from this integration. This would be
extremely valuable for extending their fundamental properties and applications in plasmonic

sensing.
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Chapter 2: Self-Assembled Ag Nanocomposites into Ultra-Sensitive
and Reproducible Large-Area SERS-Active Opaque Substrates

2.1 Introduction

SERS, which integrates high levels of sensitivity with spectroscopic precision, provides huge
enhancements to Raman signals of trace detection levels of chemical and biological molecules
adsorbed on metal surfaces [1-3]. The measured Raman signal enhancement in SERS shows
impressive EF, up to 14-15 orders of magnitude, thus enabling the ultrasensitive identification of

even single molecules [4,5].

The ultrasensitivity of metallic-nanoparticle-based SERS substrates is usually linked to the high
number of hotspots formed within the small interspaced gaps between the constituent
nanostructures [6]. Moreover, the enhancement of the SERS signal is highly dependent on the
plasmonic resonance frequency of synthesized NPs [7]. Generally, as a prerequisite for a maximum
intensity SERS signal, there must be a close match between the wavelength (1) of the plasmon
resonance peak of the NPs and the Raman excitation wavelength [7]. Therefore, from an
application standpoint, it is crucial to manipulate the interparticle spacings between metallic
nanostructures and extract their optical properties.

Recently, a growing body of literature has extensively studied and evaluated several self-assembly
approaches in SERS studies [8-10]. Currently, different techniques are being used to arrange self-
assembled AgNPs over a large area, thanks to polymers [11-15], block copolymers [16-18],
dendrimers [19], proteins [20], and DNA molecules [21,22] acting as matrices for inducing
ordering and anisotropic orientation on surfaces, and for controlling the number of constituent

particles and their separation. [23-26].

To overcome the serious shortcomings—including uniformity and unsatisfactory
reproducibility—in SERS performance, as recognized by the self-assembly approaches [26-29],
it is essential to establish a rational and facile method for the fabrication of AgNPs substrates with
controllable nanogaps. Additionally, it is highly desirable to enhance the quality of synthesized

nanostructures by producing free-standing, flexible, and large-scale SERS substrates with uniform,
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stable, reproducible, and highly sensitive SERS signals. In fact, as far as we know, there are still

no exhaustive studies applied to synthesize AgNPs via a surface-based strategy.

Herein, in order to reach this ultimate goal, we fabricated AgNPs on a surface via a convenient
chemical synthetic route known as VIPS. This highly versatile and unprecedented approach was
developed recently by our laboratory team for the fabrication of precisely shaped AuNPs
embedded in a PMMA layer [30]. VIPS is considered to be a powerful and simple route because
it provides excellent control of the structural properties of NPs. It offers compelling evidence for
producing efficient SERS platforms with controlled size, shape, and interparticle gap distances.
The success of this approach is obvious in fabricating nanostructures without demanding long
processing times, tedious steps, high overheads, high temperatures, or the use of toxic chemicals,
reducing agents, and surfactants. Moreover, there is no need for either functionalizing the surface
or etching of polymer film. Nevertheless, the VIPS approach is well suited for producing

controlled nanogaps below 10 nm.

To accomplish this approach, layers of AgNOz/PMMA dispersions were deposited on a conducting
Si wafer in order to allow the spontaneous formation of large-area SERS-active substrates of
AgNPs. To be precise, we carried out a parametric study dealing with the influence of different
experimental parameters on the optical and structural properties of AgNPs, such as concentration
of Ag precursor and spin-coating speeds. Studies were executed under the conditions described in
the Experimental section. Changes in the morphological features of the substrates were identified
via SEM characterizations. The optical properties of synthesized AgNPs substrates were
monitored through micro-extinction and ellipsometric optical measurements. Ultimately, we
assured the effectiveness of AgNPs substrates in SERS applications by using trans-1,2-4

(bipyridyl) ethylene (BPE) as the Raman probe molecule.

2.1.1 Fabrication of AgNPs By Different Self-Assembly Approaches
(Copolymer/Polymer/DNA-templated synthesis)

Won Joon Cho et al. [23] have fabricated an ultrahigh density array of self-assembled Ag
nanoclusters based on the use of amphiphilic diblock copolymer (PS-b-P4VP). The highly
sensitive SERS-active and reproducible nanostructures thus obtained by this approach, in
particular, sub-10 nm Ag nanoclusters, showed a significant enhancement of the Raman signal of

crystal violet (CV) molecules by an EF exceeding 108. The interparticle spacings between the
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neighboring Ag nanoclusters were modulated by varying the ratios of both blocks of copolymer.
The success of this synthesis critically depends on several steps such as the: utilization of high
temperatures, reduction of metallic salts using a reducing agent, and finally complete removal of

block copolymer thin film.

As reported by Amir Fahmi et al. [24], 3D periodic Ag nanostructures in bulk have been
successfully generated with controlled size and shape distributions via self-assembly approach by
using copolymer (PS-b-P4VP). After nanostructuring of the copolymer and solvent evaporation,
the inorganic AgNPs were found attached to functional block of the di-block copolymer (i.e.
P4V/P), thus showing particular organizations into four different 3D morphologies, according to
variation of physicochemical parameters such as molecular weight of polymers, volume fraction
of one of the blocks or solution conditions. Moreover, monolayers of particle-loaded 2D

nanostructures in form of thin honeycomb Ag metallic films have been also performed [24].

Weidong Ruan et al. approach has relied on a surface-guided assembly of AgNPs in the form of
rings due to an electrostatic interaction between positively poly (diallydimethylammonium
chloride) (PDDA) polyelectrolytes and negatively charged Ag colloids [25]. Unfortunately,
polystyrene (PS) spheres, acting as templates for preparing absorbing active sites on surface, are
often needed and selectively removed at the end of synthetic process. Their approach requires the

incorporation of different strategies to develop arrays of nanoscale patterns on substrate surfaces.

To promote the formation of interconnected Ag networks, Kai-Ling Liang’s group developed an
ultimate construction of self-assembled silver fern-like superstructures in poly (vinylalcohol)
(PVA) nanocomposite film, which serves as a reducing agent and stabilizer during the film
annealing process [26]. This method suffers from a plethora of pitfalls due to the requirement of
high temperatures during thermal reduction process. Thus, it offers extremely hard controls on
structural properties of synthesized AgNPs. The overall quality and uniformity of AgNPs are both
poor due to a lack of homogeneity and reproducibility. As a result of their tendency to agglomerate,

the SERS performance of such AgNPs will be unsatisfactory.

By an oil-water interfacial self-assembly, tunable distinct Ag morphologies have been self-
assembled from Ag nanooctahedra, stabilized with a hydrophilic polymer poly (vinylpyrrolidone)
(PVP), upon a ligand exchange with alkyl thiols of increasing chain lengths [27]. Sensing

platforms over a large area were developed from this single anisotropic NP, where hotspots are
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highly spreaded over the entire edge length of the assembled nanostructures. However, their
attempts to synthesize AgNPs with distinct morphologies are laborious and financially unfeasible.
Also, it is plausible that its harsh conditions make it difficult to replicate SERS-active substrates
with large number of hotspots.

In addition, DNA molecules have been employed in directing the synthesis of self-assembled Ag
nanostructures. Using triangular DNA origami scaffolds with four single strands, Ag dimers ~ 60
nm in diameter, and with an interparticle gap of 3 nm, have been assembled onto silicon substrates
[28]. Well-ordered AgNPs ~ 20 nm with controlled gap distances have been also achieved in
accordance with DNA-origami directed self-assembly [29]. By frequently performing this
synthetic method, center-to center distances between adjacent AgNPs were precisely tuned from
94 to 29 nm. Potential limitations of processes involving the use of DNA molecular linkers have
been clearly recognized [5]. DNA molecules, used for bridging Ag adjacent NPs, could interfere
in the SERS detection of adsorbed molecular species and prevent other molecules from entering

the gap region [5].

2.2 Experimental Part

2.2.1 Synthetic Approach

The experimental procedure bears a close resemblance to the one proposed previously by our group
[30-33]. The main principle of this technique relies on the self-assembly of thin-layer PMMA
(Sigma-Aldrich, Kappelweg 1, Schn., Germany) into nanoholes, which are used as synthesis
reactors for MNPs. More details about this synthesis and mechanism are given in our previous
papers [30-33]. Specifically, we aimed to extend the self-assembly approach to a large variety of
MNPs with different structural properties. As a brief summary, the strategy was based on a
nanophase separation between two thermodynamically incompatible solutions. Upon depositing
the mixture by spin-coating on conductive substrates, a thermodynamic instability was prevalent.
Here, N-doped silicon substrate was used to allow spontaneous reduction of the silver precursor.
Silicon plays a crucial role in promoting electrons to Ag*™ and then producing AgNPs, which
prevents the use of any external reducing agent, so that our samples are obtained by a one-shot
procedure. This arises due to the fact that metallic salts are strongly dissolved in alcohol, which is
a non-solvent of PMMA. Consequently, two different sizes of micelles containing M™, ethanol,

and acetone were distributed on the substrate surface. These micelles exploded after the
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evaporation of the solvents, thus leading to the formation of PMMA nanoholes containing two
different average diameters of metallic salts due to the complete fitting of NPs into nanoholes.
Accordingly, the AgNOs/PMMA dispersion was fabricated by mixing two incompatible solutions,
i.e., PMMA/acetone (C = 30 g/L) and AgNOa/ethanol. Afterwards, a clean silicon wafer was
coated with a monolayer of silver solution in order to shield the formation of monodisperse AgNPs
on the surface. Drops of silver solution with different concentrations (10, 20, 30, and 40 mM) were
spread onto the silicon substrates at different spinning speeds: 3000, 5000, and 7000 rpm. All of
the samples were carefully prepared using the following spin-coating parameters: (time: 30
seconds (s), acceleration: 3000 rpm/s). Generally, to obtain a homogeneous layer, we must choose
an acceleration value lower than the speed. Otherwise, we cannot easily reproduce the same
thickness for samples prepared using the same conditions. Next, these samples were replicated
under stable conditions to check their reproducibility. Figure 17 illustrates the scheme for the

fabrication of AgNPs inside PMMA nanoholes via a surface-based strategy.

\

PMMA Ag ion ‘\
(@) T

2 incompatible solutions: %
metallic precursorand PMMA %A Evaporation
F_i % of Solvents
L ) o i\ \)l\

\

Spin-coating Polymer
onS|wafer / Si-As

p e

7_i1

Instabllltym medium

754
(b) (c) NP
" NP 2
250 /
U 258 PMMA / N PMrAI !
nanohole y \ nanonors /
260 257 \ f \ / \ “‘.“

255

Figure 17. (a) Schematic representation of the VIPS approach, showing the growth of two different diameters of

AgNPs into PMMA nanoholes attached with; (b) an AFM image; and (c) its corresponding line-scan profile.
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2.2.2 Polymer/Silver Solutions Preparation

Briefly, as mentioned in Figure 18, PMMA/acetone dispersion was sequentially added into
AgNOzs/ethanol solution. In a separate flacon, different quantities of silver precursor (mg) were
dissolved in 1 mL ethanol upon stirring for 30 min. After dissolving, 0.5 mL of acetone was added
in order to obtain a one phase mixture. Afterwards, 1.5 mL of PMMA/acetone dispersion was
injected into the above mixture under vigorous stirring for 30 min at RT. Actually, acetone is a
good solvent for PMMA since it masks the agglomeration of its chains within the mixture while
modulating its interaction with the non-solvent/ metallic salt. PMMA/acetone solution was
prepared by dissolution of 0.75 g of PMMA with 25 mL acetone, which is heated under agitation

for 24 hours (h) at 40°C to dissolve the PMMA.
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Figure 18. Schematic view showing steps for formation of Ag*”/PMMA solutions

2.3 Results and Discussions

2.3.1 Adjusting the Optical and Structural Properties of AgQNPs

In particular, the promising functions of AgNPs as nanosensors can be optimized through the
adjustment of diverse factors, including the concentration of the metal precursor, or the spin-
coating speed. This section focuses on the experimental parameters influencing the size
distributions, shape, and density of NPs on the surface, the thickness and sizes of the PMMA
nanoholes, and the gap distances between the constituent AgNPs. Here, to achieve the best SERS
performances, we sought the experimental conditions that would produce an ultrahigh yield of
AgNPs with precisely controlled sizes and small gap distances. It is widely known that the strength
of the SERS signal of the adsorbed molecules is highly promoted, as the NPs are denser on the

substrate, with small interspaced gaps [34].
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2.3.1.1 Impact of Spin-Coating Speed

To further understand the role of spin-coating speed in controlling the structural properties of
AgNPs, a set of substrates was fabricated at different speeds, while keeping all other experimental
parameters unaltered. Adjusting spin-coating speed is one of the main parameters that can control
the density, size distribution, growth rate of formation, and gap distances between NPs. In general,
40 mM was considered to be a critical concentration of silver precursor, since it yields a surface
full of high density AgNPs. It is relevant to note that the maximum concentration reached with Ag
precursor was 40 mM. Increasing the concentration of Ag/ethanol beyond this value caused the
formation of PMMA aggregates inside the solution. Thus, it can be conceivably hypothesized that
repulsive interactions between both Ag and PMMA solutions should be modulated to be relatively

weak in order to prevent the phase separation of the whole dispersions.

As illustrated in Figure 19, SEM images reveal that polydispersity in size and shape decreases with
increasing speed. The increase in speed noticeably evolved the morphology of AgNPs from high-
index faceted random shapes into nearly isotropic spherical shapes with a high homogeneity over
the whole surface. It is noteworthy that we did not aim to produce only spherical NPs, since SERS
enhancement is greater with anisotropic nanostructures. To be precise, we wanted to prepare
AgNPs using the VIPS strategy that we had mainly developed for gold before now. In a future
work, we aim to produce other morphologies. This study requires much more experimentation and
investigation of the synthetic method. The most striking observation at 7000 rpm is that all small
AgNPs, with an average diameter of about 16 nm, are nearly uniform, monodisperse, spherical,
highly dispersed, and organized on the substrate surface with very small interparticle separation
distances. Moreover, large AgNPs of average diameter ~ 74 nm display regular nanoscale
patterning features, with gap sizes only a few nanometers apart (< 10 nm). Both size regimes of

AgNPs exhibit narrow size distributions, with an exquisite control over the size.

The findings at 7000 rpm can lead to important implications for SERS applications. The
synthesized substrates, with a high density of hotspots, can be exploited as efficient nanostructures
for yielding strong SERS signals from single molecules. In addition, they can be easily scaled for
large-scale production due to the greater proportion of different controlled diameters of AgNPs on

the surface. Impressively, SERS applications can be readily tuned at variable optical ranges.
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Figure 19. SEM images of 40 mM Ag/PMMA samples fabricated at different spin-coating speeds: (a) 3000; (b) 5000;
and (c) 7000 rpm. All insets are the corresponding magnified SEM images at 300 nm.
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To further investigate the average diameter of AgNPs at different speeds, size distribution
measurements were performed according to SEM images (Figure 54 in Annex). Average diameter
changes are presented in Figure 20. Mainly, two different average diameters of AgNPs dominate
the entire surfaces at all speeds. By increasing the spin-coating speed from 3000 to 7000 rpm, the
diameter of both AgNPs decreases slightly, and then approaches a constant value when exceeding

a speed of 5000 rpm.

Spin-coating speed plays an important role in the structuring mechanism, and has a direct influence
on the size and distribution of PMMA nanoholes as well as the organization of MNPs inside the
holes. In the initial stage of the process, during the deposition of the mixture on the substrate
surface, different solvents will start to evaporate according to their volatility and compatibility
with the rest of the mixture. This would be the origin of a nanophase separation, which is
manifested by the appearance of micelles whose size is dependent on spin-coating speed. At higher
spin-coating speeds, the micelles burst rapidly, leaving behind PMMA nanoholes with narrow size
distributions. It can be reasonably assumed that these micelles have insufficient time to coalesce

into larger micelles; as a consequence, small NPs are obtained, with high density.
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Figure 20. Average diameters (D1 and D2) of AgNPs with their correlated error bars versus spin-coating speed.

The optical characteristics of AgNPs assembled into a PMMA matrix are highlighted in Figure 21.

Using a micro-extinction optical microscope, we were unable to clearly observe well-defined and
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standard plasmonic peaks for AgNPs. This is not particularly surprising, given the fact that
determining absorption and extinction cross-sections from a reflection spectrum is highly
complicated. The foremost cause of this difficulty is due to the deposition of nanostructures on
solid, opaque substrates. It is essential to consider that substrates supporting nanostructures can
have significant effects on the nanostructures’ LSPR and near-field distributions [35]. The
combination of the halogen lamp’s spectral signature with the corresponding plasmonic bands of
the nanostructures is also evidence of the difficulty of collecting optical responses using this setup.
Another possible explanation is that the PMMA/acetone surface layer is rough, nanoporous, non-
continuous, and anti-reflective [36,37]. The reflection from the porosity of the PMMA nanoholes
contributes greatly to the responses of the AgNPs. To date, no suitable method has been detected
for removing the PMMA from the surface layer without any disturbance to the structuring. Several
trials for removing the PMMA were initiated in order to promote the development of well-defined
optical properties of AgNPs using a micro-extinction setup. Unfortunately, all of our attempts
failed, since removing the PMMA layer impedes the availability of AgNPs in high quantities on
the surface.

The existence of PMMA plays a vital role in the synthetic mechanism. The PMMA layer, acting
as a coating support for the NPs, can protect AgNPs from extraneous chemical and physical
changes by reducing their reactivity. In a previous paper by our group [23], the SERS EF was
totally diminished upon removing the PMMA, thus indicating its importance in fulfilling high
SERS nanofocusing and enhancement due to its hydrophobic properties. Crucially, PMMA acts as
a stabilizing agent to prevent aggregation in samples. In addition, it controls the size and shape of

NPs, the kinetics of growth, and the diffusion of atoms.

80



- = 3000 rpm
0.6- 490 _d . ——5000 rpm
d p
“—7000 rpm
641

0.5

0.4
0.3

Reflection (a.u.)

0.2
0.1

0-0 T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 21. Reflection spectrum of AgNPs/PMMA nanocomposites prepared with different spin-coating speeds. The

spectra were extracted using a bright-field optical microscope.

As shown in Figure 21, the intensity of the peaks shows a remarkable increase at high spin-coating
speeds, with an enhancement in magnitude. Two optical modes appear at all speeds: one
corresponds to the optical response of individual, large AgNPs, and the other to a coupling
phenomenon between two closely separated large AgNPs. More details on the attribution of peaks
can be found in the “Impact of Concentration of Ag Precursor” section. Thickness-dependent
reflected optical spectra of AgNPs are demonstrated from these measurements. As the thickness
of the PMMA layer increases, the reflection from AgNPs decreases. In order to acquire evident
plasmonic peaks from samples, the layers should be thin enough for the light to penetrate through.
This is why it was difficult to detect the optical response clearly at lower speeds—i.e., 3000 and
5000 rpm—due to their high thicknesses, anisotropic geometrical features, and polydispersity, as
highlighted in Figures 19 and 22. A clear trend in controlling the thickness of the PMMA is
mentioned in Figure 22. The thickness of the resultant PMMA film is tuned from 143 to 112 nm
by varying the spin-coating speed, and a thinner layer of PMMA is reproduced well for the
substrate prepared at 7000 rpm. Note that a scratch was made in our samples in order to expose
the Si wafer and achieve an accurate measurement of the depth of the holes. This was done by
means of an AFM technique to predict the overall thickness of the PMMA.
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Figure 22. The influence of spin-coating speeds on the thickness of deposited PMMA layers when metal is introduced.
Error bars are also displayed in this plot. Measurements of thickness values are extracted using an AFM technique via

a line-scratching method.

Taken as a whole, speed significantly affects the thickness of the PMMA nanoholes, as well as the
shape and monodispersity of the synthesized substrates. However, no noteworthy differences were
found in the number of assembled AgNPs, their average diameters, or their gap distances. For this
reason, further experimental investigations are needed in order to estimate significant differences
in the structural and optical properties of AgNPs, as illustrated in the next section. The prospect of
engineering the structural properties of Ag nanostructures and manipulating their plasmonic
properties through spectral shifts serves as a major aim for developing good nanosensors in a broad

spectral range.

2.3.1.2 Impact of Concentration of Ag Precursor

To adequately emphasize the effect of concentration, four samples were prepared using the same
spin-coating speed: 7000 rpm. Returning to the discussions posed concerning the effects of speed,
it is now possible to state that 7000 rpm is a suitable speed for fabricating thin metallic/PMMA
layers with homogeneous shape and size distributions of MNPs. The concentration of
AgNOz/ethanol varied from 10 to 40 mM. Figure 23 presents the SEM images of the corresponding
AgNP monolayers deposited onto the Si substrates at various concentrations. These images

provide a visual analysis of the differences in the structural properties of the AgNP substrates. Few
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particles exist at low concentrations (10 and 20 mM), whereas an excessive number of closely
separated particles is dominant at high concentrations (30 and 40 mM). Most of the particles at
low concentrations are individually isolated from one another with high distances. On the other
hand, at higher concentrations, the increase in the density of NPs leads to a decrease in interparticle
separation distances. This study further considers the feasibility of producing AgNPs with

interparticle spacings of less than 10 nm.
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Figure 23. SEM images of Ag samples obtained by varying the concentration of Ag precursor. The scale bar is 100

nm. The insets show the absorption coefficient (o) of AgNPs/PMMA pre-synthesized substrates at each concentration.

Figure 24 confirms that the AFM findings are consistent with previous SEM observations. The
AFM technique clearly shows its potential in distinguishing small AgNPs at low concentrations
(10 and 20 mM) due to the small radius of curvature used for the tip (< 5 nm).
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Figure 24. Two-dimensional tapping mode AFM images (500 x 500 nm) for Ag samples prepared at different

concentrations.

The average diameters characterizing the assembled AgNPs are summarized in Table 3. Average
diameters are calculated from size distribution histograms at all concentrations (Figure 55 in
annex). Typically, two different average diameters of AgNPs are dominant at each substrate
surface. By increasing the concentration of Ag, the average diameters of AgNPs increase, and
reach their highest at 40 mM. This happened because, in some regions, the resulting small AgNPs

participate in a subsequent coalescence and growth into larger spheres.

Table 3. Average diameters of AgNPs (D1 and D2) at different concentrations.

Concentration of Ag (mM) D1 (nm) D2 (nm)
10 <7 31
20 7 27-33
30 7-13 43-47
40 12-22 80
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Changing the concentration of Ag precursor can primarily affect the particles’ quality, and their
efficiency of self-assembly. When the concentration is too low, thermodynamic instability will be
caused, and the self-assembly will be restricted at the early stage due to the aggregation of PMMA
particles. Consequently, it is important to reach the optimal Ag concentration in order preserve the
self-assembly in medium. This can be achieved by using a concentration beyond 20 mM, which
leads to the auto-organization of AgNPs on the surface, with well-ordered assembly and good

dispersibility.

The optical properties of the synthesized substrates were analyzed through micro-extinction (in
reflection mode) and ellipsometric optical measurements. Figure 25 demonstrates the reflection
spectra for AQNPs/PMMA at different concentrations. Herein, the change in the structural features
of AgNPs confirms that the optical properties can be tuned by varying the concentration. The most
conspicuous observation to emerge from the spectroscopic data was the ability of this technique
to give such an optical response on monolayers of NPs on the surface. The spectrum of 10 mM
AgNPs shows a peak at 453 nm. Similarly, the spectra of 20 and 30 mM AgNPs result in a slight
red-shift to 461 and 473 nm, respectively. This slight red-shift is related to changes in the sizes of
AgNPs from 31 to 47 nm. With a further increase in the concentration of Ag precursor to 40 mM,
the position of this peak is continuously red-shifted into 490 nm. The position of the peak at ~ 490
nm is mainly attributed to the optical response of 80 nm AgNPs. As outlined in the literature
review, the extinction spectra of 50 nm AgNPs dispersed in water showed a resonance peak at ~
430 nm [38]. Changing the medium near the NPs’ surface from water to PMMA should induce a
~ 30 nm shift in the optical properties, due to an increase in the RI of the surrounding medium.

Increasing the size of AgNPs to 80 nm should also exhibit a continuous red-shift of ~ 30 nm [39].
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Figure 25. Spectral evolution of reflection of AgNPs/PMMA nanocomposites upon varying the concentration of Ag

precursor.

Otherwise, a pronounced change in plasmonic properties was observed when considerably
increasing the concentration of Ag precursor to 30 and 40 mM, where the additional second peak
appeared clearly. This peak was red-shifted from 616 to 641 nm as the concentration of Ag
precursor increased from 10 to 40 mM. This peak refers to a coupling phenomenon, and its position
is highly influenced by the gap distances separating the AgNPs. The two reasons for not observing
a clear response of the second peak at low concentrations are that (1) there are not enough NPs
viewed by the microscope objectives on the excited surface, and (2) the AgNPs are separated by
large gaps. It is expected that the number of resonance peaks increases as the symmetry of the
structure decreases. As clarified in Figure 19, the VIPS approach enables the fabrication of AgNPs
in a nearly isotropic environment, thus impeding the possibility of polarizing electrons in more
than one way. Furthermore, enlarging metal nanostructures caused only slight shifts of plasmonic
properties, as stated by Paramelle et al. [39]. The plasmonic peak could only be tuned to ~ 500 nm,
even if the size of the AgNPs reached 100 nm [39]. Thus, at 40 mM, this remarkable red-shift to
641 nm is due to the existence of a large number of hotspots that yield a high EM between closely

separated 80 nm AgNPs.

Based on discrete dipole approximation (DDA) theoretical simulations, the extinction optical

response of 80 nm nanosphere dimers, suspended in water with 10 nm gap distances, should induce
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a peak at ~ 560 nm [40]. The extent of this red-shift is maximized as the nanostructures become
incredibly close to one another (< 10 nm) [5]. With further decrease in gap distances and increase
in the RI of the surrounding medium, when AgNPs dispersed in PMMA approach the surface of
the Si substrate, the peak will be dramatically red-shifted to 600 nm and beyond. Figure 25 also
indicates that the scattering intensity increased as the concentration of AgNPs changed from 10 to
40 mM. This can be regarded as an indicator of an increase in the density of the NPs on the surface
of the substrate. It is relevant to note that the micro-extinction optical technique is not suitable for
nanostructures with dimensions of less than ~ 30 nm. Ordinarily, for small particles with a size of
< 30 nm, absorption has ascendancy over scattering, thus making it complicated in detecting an

optical response directly [41].

Recently, it was investigated that ellipsometry can be used for interpreting the optical spectra of
the assemblies of anisotropic gold nanocubes (AuNC) on opaque substrate surfaces [30,33].
Ellipsometric theoretical calculations, based on physical modelling, were performed on AgNPs
samples in order to acquire a deep knowledge about their optical features. The model proposed
previously by Rana et al. was improved by adding a third oscillator for NPs. This model system
was chosen because it assumes that the mixture is composed of three materials (inclusions and
host) playing asymmetric roles. Furthermore, we selected it in order to consider the spherical
inclusions, with high volume fractions and high interactions between one another. For a detailed
review of the technique and model used, see our previous papers [30,33]. (details are also presented

in Appendix-B)

As noted in Figure 26, experimental ellipsometric angles (¥ and A) are characterized by a marked
red-shift in positions as concentration is increased. However, a slight shift in A angles occurs, thus
denoting that the thickness of the substrates is slightly shifted. The A angle is usually more
sensitive to the thickness of the composite layer than the ¥ angle. The broadness and shift of the
Y angle with increased concentration is widely affected by the increase in the ratio of the number
of AgNPs to their corresponding thickness. As expected, there are some discrepancies in the
sample prepared at 10 mM. The ellipsometric angles at 10 mM lie between the ones prepared at
20 and 30 mM. This apparent lack of correlation can be justified by the high nonuniformity of the
sample over the area of the excitation beam. A closer inspection for this sample at high
magnification reveals that its surfaces are full of PMMA aggregates in different regions. This lack
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of agreement could also be linked to the low volume fraction of AgNPs on the excited surface.
Therefore, a low number of photons will be collected when exciting the weakly interacting
plasmonic NPs with the matrix layer. The high surface roughness of the sample prepared at 10
mM could have influenced the results obtained. As is well known, ellipsometric measurements
and modelling are extremely hard to conduct when light scattering by surface roughness reduces

the reflected light intensity severely.
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Figure 26. Variations of experimental ellipsometric angles (a) ¥ and (b) A in AgNPs/PMMA film/c-Si structures, as

functions of the concentration of the Ag precursor.

In Figure 51 in annex, to some extent, the experimental pseudo-dielectric functions of
AgNPs/PMMA film/c-Si structures match fairly well with the fitted ones, and further emphasize
the validity of our model. Slight disagreement is evident in some regions, since size distribution is
not counted in our modelling. In our view, modelling pseudo-dielectric functions represents a good
initial step toward determining the absorption coefficient (o) of Ag/PMMA samples, as mentioned
in the insets of Figure 23. The dielectric functions (& and &), refractive index (n), and extinction
coefficient (k) can be found in the Annex (Figure 52 and 53). The insets in Figure 23 reveal that
two plasmonic bands are observed at each concentration, and their maximum is highly red-shifted

when increasing the concentration.
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The maximum wavelength Amax of the first plasmonic band is progressively red-shifted from 418
to 430 nm with increasing concentration. The observed shift can be interpreted as being a result of
the increase in size of AgQNPs from 7 to 22 nm. These peaks are also visible in the Mie calculations,
and have been assigned to the optical responses of small AgNPs through quantitative analysis

based on calculations of Mie extinction cross-sections [42,43].

Further shifts in the Amax of the second plasmonic band, from 595 to 645 nm, with preferential
increase in intensity, are related to the coupling between AgNPs that are affected by the RI of
PMMA. The increase in intensity is associated with the huge number of AgNPs that exist on the
substrate surface. It is apparent from Figure 25 that the relative positions of the LSPR bands of the
second peak are in good agreement with the ellipsometric results.

Theoretical spectra calculated using Mie theory (Equation 2) for a homogeneous nanosphere are
outlined in Figure 27, in order to determine the sum of the scattering and absorption cross-sections
of spherical NPs. Simulations were carried out on single AgNPs, of different sizes, dispersed in a
highly porous PMMA. Theoretical simulations of AgNPs at a fixed Rl of PMMA ~ 1.25, with the
radius varying from 7 to 50 nm, predict a red-shift of the LSPR wavelength of major dipolar peaks
with an increased extinction efficiency. In general, large nanostructures eventually lead to the
appearance of multiple SP modes other than the dipole modes.

3
5 W 3 & NP

Opyr = 3VEZ — - 2

ext M ¢ (ernp+2em)? +¥pp ( )

where c is the speed of light, V is the volume of the particle, o is the frequency, em IS the dielectric
function of the matrix, & np and & np are respectively the imaginary part and the real part of the

dielectric function of the nanoparticle.
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Figure 27. Mie theory calculations for the extinction cross-sections of different sizes of AgNPs suspended in a highly
porous PMMA.

The characteristic peaks for ~ 30 nm AgNPs at 20 mM are too close to distinguish between
experimental results (453-461 nm) and theoretical simulation spectra (458 nm). For R = 47 nm at
30 mM, it is expected theoretically to have a dipolar peak between 492-533 nm. However, pext
results display a peak at 473 nm. This difference is due to the fact that in Mie simulations the
information is derived from only one homogeneous nanosphere. AgNPs with R = 75 nm exhibit a
dipolar peak at 470 nm. This value correlates favorably with pext results (~ 490 nm), and further
supports our previous findings. Presumably, some differences between simulations and pext

results are likely due to ensemble averaging effects over many different sizes.

The micro-extinction technique is remarkably insensitive to the detection of small NPs (R < 30
nm) and quadrupolar modes of large NPs (R > 30 nm), whereas ellipsometry is sensitive to the

most abundant network of NPs over all the surface.

Contrary to Mie simulations at fixed Rl of PMMA, a micro-extinction setup can figure out the
slight variations in the thickness and Rl of PMMA as experimental parameters vary. Moreover, in
pext optical microscopy, the focal spot of an optical beam is analyzing a micrometric zone of NPs
that represent many NPs. Taking that into account, our results should be validated by using two

complementary techniques to get an overall optical response of all sizes of Ag samples. In this
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regard, a significant correlation was recognized between both experimental (pext) and theoretical

(ellipsometric and Mie simulations, respectively) data.

2.3.2 SERS Analysis

First, we studied the effect of spin-coating speed on the sensing properties of the obtained
substrates. The results in Figure 28 show an enhancement of the SERS signal with increasing
speed. To be precise, no major difference is observed between 3000 and 5000 rpm, which
correlates strongly with the results shown in Figures 19-21. Below 7000 rpm, the samples revealed
quite similar structural properties. The enhancement increase shown at higher speeds is attributed
to the presence of higher numbers of NPs on the substrate surface (Figure 19), which is related to
closely separated nano-objects. As a result, more hotspots might exist at higher speeds, allowing
for better SERS enhancement. To go further in the evaluation of the sensing features, we then
performed SERS for the samples shown in Figure 23. Here, we showed a change in the structural

and optical properties of AgNPs when silver precursor concentration was varied.
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Figure 28. The Raman and SERS spectra of BPE at 10> M. Raman measurements were obtained with 107> M of BPE.
Spectra were obtained at P =5 mW over 5 s. Each curve is an average of 10 spectra collected from different positions

on the substrate. All spectra were shifted vertically for the observation in all figures.

Similarly, Figure 29 also highlights noticeable results by showing an enhancement of the SERS

signal with increasing precursor concentration. According to Figure 23, the number of AgNPs
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increases with Ag precursor concentration. Moreover, the second plasmon peak—which is linked
to coupling—shifted from ~ 600 nm (10 mM) to 645 nm (40 mM). This latter figure is quite close
to the excitation wavelength (633 nm) used for the experiments. This feature (Aexcitation-Amax = 0) IS
crucial, and plays a major role in enhancing the Raman intensity. For this reason, we might obtain
a higher SERS EF for AgNPs prepared with larger precursor amounts. It is noteworthy that, in this
section, we were able to obtain a SERS signal using a 1 s acquisition time. Therefore, we tried to
decrease the BPE concentration to 107 M, and it was possible to obtain a SERS signal at this
concentration value. To be in the same experimental conditions in Raman and SERS, which is
crucial for any EF calculation, we performed measurements of both signals for 5 s. Based on
literature [31,32] using the same type of PMMA nanocomposites for SERS, we related the high
sensitivity of the samples to the repulsive interaction that exists between PMMA and NPs. Thus,
by pushing the BPE, PMMA consequently directs it onto the NPs’ surface. As a result, the target
molecules will be concentrated in the SERS focal volume, which highly increases the SERS

intensity.
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Figure 29. The Raman and SERS spectra of BPE at 1071° M for AgNPs prepared with different silver precursor
concentrations. Raman measurements were obtained with 102 M of BPE. Spectra were obtained at P = 5 mW over 5

s. Each curve is an average of 10 spectra collected from different positions on the substrate.
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Precisely, BPE molecules adsorb to the MNPs through the nitrogen groups, which makes pyridine
derivatives very good candidates for SERS measurements. Thus, since the interaction takes place
on nitrogen, which has more affinity for the metal than for PMMA, the BPE will be self-driven

towards the plasmons. This finding has been reported in our previous studies [31-33].

Then, we employed the peak at 1605 cm™* to estimate the EF through the following equation:

EF = (ISERS x Nnormal)/(lnormal X NSERS) (3)

where Isers and Inormal are the intensities of the same band for the SERS and normal Raman spectra,
respectively. Nsers is the number of molecules probed in SERS, and Nnormal IS the number of
molecules excited in classical Raman. EF corresponds to the SERS intensity of one molecule
divided by the Raman intensity of one molecule without the SERS substrate, and can be seen as
an absolute EF of the scattering cross-section of the test molecule. EF calculation requires the
excitation and collection volumes in the solution to be known. Knowing the probe molecule
concentration, the Nnormar Can then be estimated. Nsers can be obtained from knowledge of the
active surface area of the substrate that is being probed, the footprint of an adsorbed molecule, and

the surface coverage.

The focal volume of our Raman system is 11 fl. The SERS confocal volume (SCV) corresponds

to 1.5 x 1072 fl, considering the size of our NPs. SCV was calculated using the following equation:
SCV=Sxh (4)
where S and h are the excited surface and height, respectively.
S = mr?, )

and h corresponds to beam penetration depth, where r is the beam radius, and is calculated based
on the excitation wavelength value (632.8 nm). Then, S is multiplied by the percentage of surface
coverage by the NPs. Finally, we multiply S by the number of NPs determined after calculation of

the surface of one NP, based on SEM images.

These volumes allow the detection of 3 x 10’ molecules in Raman, and 5 molecules in SERS, for
a concentration of 107%° M. At 1605 cm™, Isers and Inormar correspond to 12,000 and 2,100,
respectively. From there, we obtained EF 3 x 10%° for the 10 mM sample, while 10%3, 5 x 10, and

10*° were determined for 20, 30, and 40 mM, respectively. The obtained high values of EF can be
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attributed to the hydrophobic features of the PMMA layer embedded with the AgNPs. This finding
was reported and discussed in detail in our previous studies [30-33]. Indeed, at high BPE
concentrations, multiple layers of molecules could be detected. Therefore, decreasing the
concentration might decrease the amount of BPE adsorbed on the AgNPs. Furthermore, it can be
expected that we tend toward the presence of one layer of molecules close to the NPs’ surface,

which causes the Raman exaltation and then leads to this increase in the EF.

2.4 Conclusion

We have obtained comprehensive results demonstrating the value of the VIPS approach in
conducting efficient SERS platforms (detection of five molecules) with controlled structural and
sensing properties. The significance of our work lies in fabricating large-scale SERS-active opaque
substrates, with high density of hotspots, yielding huge enhancements. Better surface roughness
and overall bulk flatness, homogeneity of refractive index, and absence of secondary back
reflection make silicon and opaque substrates greater for optical characterizations and applications.
Correlating the structural properties of AgNPs with SERS enhancements has shown an enormous
benefit in advancing both the perception of the fundamental mechanisms of SERS effects, and the

strategies used to control the assembled NPs for efficient sensing applications.

This study could further provide the framework for triggering the formation of advanced,
multifunctional hybrid materials such as Ag/Au organized inside PMMA nanoholes. This could

conceivably lead to promising sensing features.
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Chapter 3: A Novel Surface-Based Strategy For selective
overgrowth of Ag nanostructures on Au nanocrystals

3.1 Introduction

Functional hybrid materials, consisting of two incorporated MNPs, were fabricated for the purpose
of generating new desirable properties and functionalities, as reported in Chapter 1 [1,2]. The
extraordinary features of bimetallic nanomaterials have been employed in several applications
such as SERS [3-5], LSPR sensors [6,7], catalysis [8], and photothermal conversion [9]. The
combination of both AuNPs and AgNPs in a bimetallic system appears as a beneficial approach
for merging the advantages of both Ag optical enhancing properties and Au chemical surface
properties [10,11]. This relevance is based on the fact that AgNPs provide higher enhancements
in Raman intensities when compared to other metals such as Au and Pd. Otherwise, AuNPs are
usually more desired than AgNPs due to their stability, biocompatibility, and resistance to

oxidation.

For several years great effort has been devoted to the fabrication of different bimetallic
nanostructures, including Ag/Au [12], Au/Pd [13,14], Au/Pt [15], Ag/Pd [16], Ag/Pt [17], and
Pt/Pd [18], with well-controlled morphologies and well-defined structures. Different types of
BNPs, specifically: alloys, core-shell, and heterostructures, have been explored through several
approaches such as lithography [19], laser ablation [20], SMG [21,22], GRR [23], microemulsions
[24], chemical co-reduction [25], copolymer-mediated self-assembly [26], DNA-mediated
synthesis [27,28], biological synthesis [29], and many other methods [30]. SMG has been
identified as being the most used approach for preparing BNPs [2]. In this route, the overgrowth
mode of the deposited metal on different side facets of the performed nuclei is highly influenced
by both the kinetic and thermodynamic parameters. The kinetic adjustment can be achieved by
using proper stabilizing and reducing agents that expose specific crystal planes. For instance, the
presence of different reducing agents (CTAC, L-ascorbic acid, hydrazine) has particularly allowed
the development of four distinct morphologies of core-shell/alloy AuPd BNPs (octahedrons,
rhombic dodecahedron, nanodendrites) [31-33]. The results in [33] have suggested that high
reduction rates promoted the simultaneous reduction of precursors by forming thermodynamically

unfavored structure.
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The nucleation and growth of Ag on one, three, and six of the equivalent {100} faces on a Pd seed
has been achieved by simply manipulating the rate at which different amounts of AgQNO3 precursor
were added [34]. This effectively produced bimetallic nanocrystals with three structures: hybrid
dimers, eccentric nanobars, and core-shell nanocrystals [34].

The way of interaction between the secondary metal and the performed seed is widely affected by
the reduction rates of metal ions, surface free energies, metal bond energies, and lattice mismatches
[2]. Additionally, the structure, shape, size, and amount of seed NPs significantly control the
growth mechanism and final morphologies of BNPs [35]. Jae Hee Song et al. have mentioned that
Ag preferentially undergoes an anisotropic overgrowth onto {111} and {100} facets of the
electrochemically synthesized Au nanorod seeds, thus leading to dumbbell-like bimetallic
nanostructures [36]. The {110} facets of Au nanorod seeds were less attainable for an Ag
overgrowth because of their stronger interactions with the cationic surfactants [36]. The
morphology of Pt/Au heterostructures with a different number of heterojunctions, evolving from
pear to peanut to clover-like structures, has been modulated by varying the sizes of Pt seeds from
3 to 7 nm respectively [37]. The morphology control was driven by a thermodynamic equilibrium
between the Au coherence energy, the particle surface energy, and the Pt/Au heterogeneous
interfacial energy. During the synthesis, the concentration of precursors, reaction temperature, pH,
and growth time are also main factors for controlling the anisotropic shapes of inorganic NPs
[38,39].

Even though the efficiency of controlling the structural properties of bimetallic nanostructures has
been improved in recent years, most improvements have been achieved by solution-based
protocols. However, to the best of our knowledge, rare studies have addressed the issue of
fabricating BNPs with a high degree of reproducibility in terms of composition and yield of
controlled morphological structures. Also, the SERS performance of such protocols is
disappointing due to the lack of homogeneity and reproducibility. This is probably a result of the
tendency of colloidal NPs to agglomerate when deposited on substrate surfaces.

Nonetheless, it is possible to further ameliorate the efficiency by an innovative surface-based
strategy. With this goal, we developed a new nanofabrication method (VIPS) to obtain
reproducible, large-scale, and structure-controlled bimetallic nanomaterials on a surface relevant

for applications in the fields of SERS and plasmon detection. VIPS approach deals with studying
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the self-assembly and control of nano-objects assisted by polymer nanostructuring (PMMA) [40].
The originality of this method is linked to the spontaneous reduction of the metallic precursor
when depositing the M*/PMMA dispersion onto a conductive substrate. Also, its importance lies
in its simplicity of manufacturing, the ability for structuring at RT, the possibility for controlling
the structural properties of nanostructures, and the capability to firmly attach the nanostructures to
the surface of the substrate without any functionalization or removal of polymer films. To date,
this approach has been limited to monometallic nanoparticles such as Ag and Au [41,42]. Ag
nanorings and nanospheres, dispersed in PMMA thin layer, have emerged using the VIPS process
[42,43]. Recently, this method has represented its potential in fabricating precisely shaped Au
nanostructures with different well-controlled morphologies, including nanocubes, nanorectangles,
nanohexagons, and nanoprisms [44]. These monometallic systems have been successfully used as
reliable SERS-active substrates with high ultra-sensitivity, stability, and reproducibility over a

large scale.

The present study aims to develop an effective and economical strategy for designing two distinct
structures of BNPs, mainly core-shell and heterostructures. Herein, the efficiency and sensitivity
of bimetallic substrates were examined by SERS technique. Then, the influence of structural
parameters on the sensitivity of fabricated BNPs as SERS nanosensors was demonstrated. To go
further, the optical properties of BNPs were determined using micro-extinction measurements. The
structural features of bimetallic substrates were identified by SEM characterizations. The overall
BNPs properties were modulated by varying the concentrations of Au precursors, Ag/Au molar
ratios, and spin-coating speeds. The purity of samples was checked by chemical characterization
using energy dispersive X-ray spectroscopy (EDX). A possible explanation of the synthetic
mechanism is proposed. The formation of bimetallic nanostructures with controlled morphologies

follows the steps outlined in the mechanistic study.

3.2 Experimental Part

3.2.1 Fabrication of bimetallic substrates

The chemical reagents used in this synthesis were silver nitrate (AgNO3, VWR International bv,
Leuven, Belgium), sodium tetrachloroaurate (111) dihydrate (NaAuCls.2H20, Sigma-Aldrich,
Steinheim, Germany), and poly (methyl methacrylate) (PMMA, Sigma-Aldrich, Kappelweg 1,
Schnelldorf, Germany). All of these chemicals and materials were used as received without further
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purification. The solvents used throughout the whole experiments were ethanol (VWR
International S.A.S., Fontenay-sous-Bois, France) as solvent of precursor molecules, and acetone
(CARLO ERBA S.A.S.) as a good solvent of PMMA. Arsenic-doped silicon substrates (Si-As) ,
that were used for coating the metallic salts/polymer dispersions, were purchased from Silicon
materials society (100 orientation, ~ 525 ohm resistivity). For thin films deposition, Si wafers were
cut into substrates of 2x2 cm sizes based on the dimensions of the used spin-coating machine
chamber (PolosSPIN150i/200i infinite). Then, Si-As (2 x 2 cm sizes) substrates were subjected to
a cleaning process by a sonication in a mixture of soap, water, acetone, and isopropanol for 30
min to remove all the anchored impurities. Generally, spin-coating machines can use a range of
substrate surfaces that can be increased or decreased depending on the desired applications and

usage.

The procedure used to prepare AgNO3z/PMMA solution is described in Chapter 2 (Section 2.2.2).
NaAuCls/PMMA solution is prepared similarly, but with a change in the type of precursor
molecule. Briefly, the NaAuCls/PMMA mixture with precise proportions was kept with a
continuous stirring for 30 min under RT conditions. A subsequent addition of an acetone solvent
(co-solvent), known to be a very good solvent for PMMA and also miscible with the other solvents
in the mixture, was needed to adjust the interactions and eliminate the phase separation to obtain

a thermodynamically stable mixture.

Our steps proceed in the same way as indicated in [42]. To fabricate bimetallic nanostructures, two
different M*/PMMA layers were deposited subsequently on a conducting Si wafer by spin-coating
at different experimental parameters (spin-coating speed: 3000, 5000, 7000, &210000 rpm,
acceleration: 3000 rpm/s, and time: 30 s). Si wafers were then coated with 100 pL drop of
AgNO3z/PMMA solution as a first layer followed by NaAuCls/PMMA as a second layer. The time
delay between the two deposited layers is 10 min. Applying a coating of a different material such
as Au can protect the Ag layer from extraneous chemical and physical changes and eliminate its
reactivity. The concentration of AQNOs/PMMA dispersion was fixed in all the experiments at 40
mM. The NaAuCls/PMMA solutions were prepared in different concentrations in order to obtain
proportional ratios of Ag and Au (R= Cag¢/Cau): 0.4, 0.5, 0.6 & 2. The ratios represent the
respective coating of concentrations of 100, 80, 60, and 20 mM of NaAuCIl./PMMA layers to 40
mM of AgNOz/PMMA layer.

103



3.3 Results and Discussions

3.3.1 Influence of Ag/Au molar ratio

3.3.1.1 Structural properties

Upon spin-coating on silicon, a PMMA thin layer embedded with Ag* (at AgNO3z concentration
of 40 mM), was directly coated by Au**/PMMA dispersion in order to produce BNPs. Then,
aiming to modulate the BNPs features, we prepared different substrates with various Au precursor
concentration at fixed Ag concentration (Ag/Au ratios were: 0.4, 0.5, 0.6, and 2). The influence of
Au concentration was studied by carrying out the samples at a spin-coating speed of 7000 rpm.
This speed has been chosen as a suitable condition for fabricating homogeneous shape and size
distributions of MNPs according to our previous studies [44]. The precise position and shape of
plasmon bands are also sensitive to the layer thickness and polydispersity. By ellipsometry
technique, the layer thickness of such sample was estimated to be ~ 220 nm. All samples had
approximatively the same thickness because we prepared all the substrates using the same spin
coating speed (7000 rpm). One can see in Figure 30(a) heterostructures including silver
nanospheres (AgNS) and AuNC when the synthesis is carried out at a low concentration of Au i.e.
20 mM. In this case, the two metals prefer to nucleate and grow individually by sharing a mixed
interface. At this sample, we noted an inconsistency with Rana et al. results where 20 mM
Au**/PMMA monolayer on Si-As substrate only directs the growth of gold nanospheres (AuNS)
instead of AUNC [41]. Introducing a second metal as Ag* ions to the reaction system has brought
about changes in both the nucleation and growth stages of nanostructures, and accelerated the
reaction kinetics since nanocubes formation requires high synthetic process energy. As a result,
different growth of NPs ensues, thus giving rise to structural properties not necessarily
corresponding to its case when deposited on a conductive substrate as one layer i.e. as a monometal

layer.

A major proportion of eccentric core-shell bimetallic nanostructures is dominated at moderate
concentrations of Au i.e. 60 mM (Figure 30(b)). Herein, the shell does not completely encapsulate
the core. Speed effect study provides further evidence for this interesting structure, as stated in
Figure 33.

In Figure 30(c) and (d), the low Ag/Au ratios enable the formation of a high number of anisotropic
AuNC and Au nanorectangles (AuNR) over the whole surface. At this condition, the reaction
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proceeds rapidly in a way that a minor quantity of Au atoms takes part in the buildup of bimetallic
nanostructures. An excess of Au®* kinetically favors the production of anisotropic AUNC and
AuUNR. The mixture contains all the conditions that promote its fast kinetics of growth including
the high volatility of solvents (ethanol and acetone), high concentration of Au precursor (> 60
mM), high spin-coating speed (7000 rpm), and high pH and molecular weight (Mw= 397.80 g/mol)
of gold precursor molecule (NaAuCls4.2H20). Some key factors on the shape control of AuNPs are
summarized in [44]. Among these parameters, the influence of the non-solvent of metallic salts,
PMMA solvents, and the chemical nature of counter ions is cited [44].

Summing up the results, it can be concluded that increasing the concentration of gold precursor
additives to extreme values affects highly the nanoparticles aspect ratio, gap distances, and density

of AuNPs on the surface.

One of the major drawbacks to adopting two metallic precursors in a reaction system is that the
two different metal atoms cannot contribute equally to the metal-metal bond formation due to their
different reaction kinetics. Also, the differences in reaction kinetics might stimulate the origination

of separate monometallic phases i.e. a physical mixture of two metals.

Therefore, a proper ratio of two metals is necessary to meet both the thermodynamic and kinetic
requirements for the growth of bimetallic nanostructures by avoiding a monometallic phase
separation and achieving a composition control. This was fulfilled by using Ag/Au ratios (Rag/au)

of 2 and 0.6 to fabricate heterostructures and core-shell structures respectively.
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Figure 30. SEM images of bimetallic nanostructures synthesized by deposition of two M*/PMMA layers on Arsenide-
doped silicon (Si-As) substrate. Different mixing patterns of BNPs obtained with different ratios of Ag/Au: (a) Ragiau
=2; (b) Ragau= 0.6; (€) Ragiau=0.5; and (d) Ragiau= 0.4. Scale bars of SEM images are: (a) 3; (b) 1; (c) 10; and (d) 20
pm. The insets correlate with the reflection optical results taken from BNPs substrates. The reflection spectra were
collected by modifying the concentrations of NaAuCl./PMMA-acetone from 20 to 100 mM, whereas the concentration

of AgNO3/PMMA and the speed were kept constant at 40 mM and 7000 rpm respectively.

106



3.3.1.2 Optical vs chemical characterizations
Through the use of a micro-extinction setup, we were able to monitor the changes in the optical

properties at each ratio. The results are pointed out in the insets of Figure 30.

Indeed, to some extent, a red-shift in the position of AuNPs peaks accompanied by increased
intensities are notable with high Au concentrations. The intensity of peaks is proportional to the

increase in the number of NPs on the surface.

When the final ratio of Ag/Au is 2, we observe the formation of three bands (~ 472, 540, and 635
nm). The peak at ~ 472 nm confirms the existence of AgNS response. The peak occurring at 635
nm arises from the response of the longitudinal peak of anisotropic AUNC, which are considerably
affected by the Rl of PMMA. It appears that the measurements are not sensitive to the coupling

response of heterostructures.

For bimetallic substrate, which is prepared at ratio Ag/Au ~ 0.6, the appearance of the first three
bands (~ 433, 540, and 620 nm) indicates that this system contains a mixing pattern of Au and
AgNPs. The fourth peak located at 700 nm is related to the response of the bimetallic core-shell
system. However, it is crucial to judge if both Ag and AuNPs exist on the substrate surface. This
is confirmed by an EDX mapping study in Figure 31. The line scan reveals that the core/shell
nanoparticle is composed of enriched AgNPs and a lower quantity of AUNPs. A quantity of sodium
(Na) and chlorine (ClI) is also observed. This is due to a space charge region consisting of a double
layer of positive and negative ions around the Au seed [45]. X-ray spectrometry detects elements

but it is not capable to differentiate between ionic and non-ionic species.

The spectrum of this system is characterized by a remarkable blue-shift of the plasmon band of
Ag from 472 to 433 nm, and a slight blue-shift of Au response from 635 to 620 nm. The
combination of a decrease in the size of AgNPs and a change in the shape of AuNPs triggers this
blue-shift. More details on the attribution of peaks are given in Section 3.3.2.
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Figure 31. EDX spectrum showing the characteristic X-rays originated from interacting a single core/shell

nanoparticle with an electron beam. This spectrum refers to the sample prepared at ratio Ragas= 0.6.

The spectral observations are highly dominated by the response of AUNPs at Ragiau= 0.5 and 0.4.
Here, the contribution from AgNPs is no longer visibly observed in the micro-extinction spectrum.
This does not preclude the possibility of having the two regimes of the monometallic counterparts
on the substrate surfaces. The optical spectrum exhibits four different peaks at ~ 500, 540, 635,
and 686 nm, which indicated that the first band is assigned to Ag response and the latter three
bands to Au response. The spectrum of anisotropic Au nanocubes shows a couple of overlapped
longitudinal peaks at 635 and 686 nm (i.e. one for single particle and another for coupling effect)
beyond the transverse peak near 540 nm. The impressive red shift to ~ 686 nm is explained by the
presence of anisotropic cubic-shaped NPs with increased sizes and small gap distances (< 10 nm).
The fabricated substrates are also influenced by the high Rl of PMMA. According to Boundary
Elementary Method (BEM) simulations, the interaction of 65 nm Au-Au isotropic nanocube

dimers in air, separated by 10 nm gap distances, gives a peak at 620 nm [41].

All the samples have almost a peak positioned at around 540 nm. This transverse resonance mode
shows essentially no shift. This result is in agreement with the response of a single isotropic AUNC

of size 65 nm in an air matrix, with rounded edges, calculated by BEM simulations [41].

It is obvious from Figure 30 that the bimetallic systems are immensely low in metal quantity. In

our typical synthesis, both Ag and Au metallic precursors are mixed with PMMA solutions, acting
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as metallic NPs synthesis reactors. Owing to the presence of two PMMA layers of thickness > 200
nm, a great proportion of NPs is restricted between the PMMA layers, thus preventing its presence
in high quantities. In fact, the chemistry of the surface plays an important role in the self-assembly
process. The structuring of the bimetallic system is influenced by the repulsive interactions
between its constituents, which are totally different from the ones existing on monometallic
systems. For instance, in the synthesis of monometallic AUNC and AgNS, the PMMA micelles
loaded with both precursors tend to avoid the hydrophilic silicon surface. Therefore, a high
quantity of small size micelles is produced leading then to the formation of a high-density
substrate. In contrast, when depositing Au/PMMA on Ag/PMMA, the second layer of PMMA
micelles embedded with AuNPs will be spread on a hydrophobic surface (PMMA), in relation to
lower repulsive interactions between micelles. Therefore, micelles tend to coalescence and lead

then to the formation of a lower amount of larger size nanoparticles on the substrate surface.

3.3.1.3 Sensing properties (SERS) :

In order to assess the effectiveness of the substrates produced, the resulting bimetallic
nanostructures were then used for the detection of 4,4’-BP. The analytical Raman spectrum of
4,4°-BP has five featured peaks in the range of 900-1600 cm™ [46]. The characteristic vibrational
modes are at 980, 1215, 1285, 1493, and 1593 cm! [46].

Basically, SERS efficiency is maximum for ALspr ~ Araman. FOr this reason, the samples were

excited at 633 nm near to Au response, as highlighted in Figure 32(a).

The adsorption of 4,4’-BP molecules on BNPs surfaces causes modifications and shifts in their
well-known vibrational frequencies. The vibrational signatures become centered at 1026, 1085,
1235, 1290, 1513, and 1618 cm™. The computed and experimental frequencies in the Raman and
SERS spectra and assignments of BP are fully justified in the literature [47]. The shifts are clarified
by a change in geometric and electronic structures due to the interaction between the lone pairs of
the nitrogen atoms of the BP ring and BNPs on the surface [48]. This substantiates the fact that a
chemical enhancement is mainly contributing to the enhancement of SERS signals [48]. In general,
the SERS of a chemical origin, which cannot exceed 102 EF, is attributed to the formation of charge

transfer complexes between the target molecule and the metal surface [49].

All vibrational bands on the BP-coated substrates almost have the same positions and broadness

when varying the ratios of Ag/Au.
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Figure 32. Raman and SERS spectra of BP-coated bimetallic substrates with different compositions recorded at A

excitation of: (a) 633 nm; and (b) 514 nm. Normalization of SERS intensities was performed by Origin software.

The quantity of NPs excited by the laser directly influences the intensity of the SERS signal. At
Ragau= 2, the density of NPs is conspicuously lower than the other substrates prepared at low
ratios of Ag/Au. This results in less intense SERS signals. Herein, the Au nanoparticles generated

are cubic-shaped.

BP molecules exposing high-index facets with hexagon shapes on BNPs surface show significantly
enhanced SERS sensitivities at Ragau= 0.6. Increasing the number of edges, crystallographic
facets, corners, and faces is of decisive importance in the SERS sensitivity of NPs. It is evident
that, in these anisotropic shapes, more active and multiple crystallographic facets are coherently
present, thus the interaction is comparatively preferable with greater opportunity for adsorption of
BP molecules on active facets [50]. The surface atoms on high-index facets are high-energy active
sites [51]. Electronic effect and localized electric field enhancement between the two metals could
also make an additional contribution to such an enhancement of the SERS signal [52]. Although
the trend of results between Ragas= 0.6 and 0.5 differ, it could nevertheless be argued that

synergistic effects between two metals affect the SERS signal.

To build highly sensitive SERS substrates, sharp features of AUNC can have a strong impact on
the enhancement of SERS properties. The high electric field, large surface area, and large hot-spot
volumes associated with anisotropic nanocube-nanocube contacts at Ragau= 0.5 and 0.4 are

responsible for the intense SERS signals [50]. At Ragau= 0.4, the increase in the number of
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efficient hotspots, presented in the gaps, tips, and edges, focuses the electromagnetic field and

enhances the amplification of SERS signals.

Additional tests were performed for evaluating the sensitivity of substrates at an excitation
wavelength of 514 nm in order to match the plasmonic band of AgNPs this time. Figure 32(b)
shows a similar trend in the variations of SERS intensities at different ratios. This provides
adequate proof for using the bimetallic substrates as wide-range SERS active substrates. The
excitation of the surfaces at 514 nm, where the LSPR of the transverse band of Au ~ 540 nm and
the band of Ag at low ratios ~ 500 nm has a significant overlap with the laser, leads to lower
sensitive signals with respect to those at 633 nm. This indicates that EM, due to LSPR modes, is
important in a wavelength range beyond 600 nm. Commonly, increasing the signal intensity does
not always result from tuning the LSPR closer to the excitation wavelength. As can be seen in the
insets of Figure 30, the reflection from AgNPs is lower than that of AuNPs and this is certainly
due to the low amount of non-anisotropic shapes of AgNPs (i.e. spherical) excited on the surface.
The high density of NPs and hotspots regions are essential factors to enhance the sensitivity of the
SERS analysis [53].

Given that our findings are based on a very limited number of NPs, the results from such analysis
indicate that anisotropic bimetallic substrates are convenient for sensitive BP detection and are
potential candidates for SERS-based sensors. In our view, the origins of SERS features heavily
relies on three factors: (i) additional chemical effects favored on anisotropic NPs due to the
presence of highly reactive facets with higher binding affinities for analytes, (ii) SERS
nanofocusing of analytes targeted on metallic regions due to the presence of a hydrophobic PMMA
layer [42,54], and (iii) synergistic effects between two MNPs. Our SERS results share a number
of similarities with Khaywa et al. findings where thermally-annealed double layers of BNPs are
fabricated [55].

3.3.2 Speed Effect Study on the bimetallic sample at Ragiau= 0.6
Further studies on the bimetallic sample at Ragau= 0.6 were required to elucidate its structure.
Figure 33(a) reveals reveals the SEM images of Ag/Au core-shell structures obtained at different

speeds.

In SMG, the addition of metal ions (as Ag®), reducing agents, and surfactants behave as driving

agents for the growth and control of shapes of NPs. Herein, the surface is passivated with PMMA
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to prevent the agglomeration of nanoparticles and then to ensure the stability of the substrates. The
concentration of PMMA (C= 30 g¢/L) and its molecular weight (Mw= 350,000 g/mol) is fixed in
all the samples. Similarly, the samples were prepared using the same concentration of Ag* ions on
an identical type of substrate (Si-As). Consequently, the kinetic parameters will only be adjusted
by the spin-coating speed, which acts as an alternative driving agent. Spin-coating speeds promote
intervention in the distribution rate of growth of Ag* ions on Au seeds through adjusting the time
between the evaporation of solvents and the assembly of vesicles. The Au seeds will be rapidly
approached and covered by Ag atoms at high speeds.

A pronounced change in the optical properties of BNPs, as illustrated in Figure 33(b, c¢), confirms
that the speed of evaporation of solvents is a key parameter that controls its structural properties.
Further shifts in plasmon bands were obtained at different speeds with preferential maintenance of
the four plasmonic bands. The first peak is red-shifted from 405 to 447 nm in a predictable manner
by increasing the spin-coating speed. This is a result of the presence of AgNPs on the surface with
increased sizes. The other peaks (~ 540, 620, and 695-700 nm) are approximately constant at all
speeds. The plasmon resonance peak at 620 nm becomes clearly recognized at high spin-coating
speeds i.e. 7000 and 10000 rpm.

The extinction spectra of isotropic AuNPs of 70-nm-diameter hexagons, prepared by a SMG in an
aqueous bulk solution, have a plasmon band near 540 nm [56]. A noticeable agreement is evident
with our findings. Taking into consideration that the Au nanohexagons (AuNH) are unsymmetrical
in structure, an additional peak is observed near 620 nm. The average of single-particle scattering
properties of vertically oriented AuNH with lateral sizes ~ 160 nm, prepared by SMG and
deposited on indium tin oxide (ITO) substrates, displays two peaks at ~ 560 and 693 nm [57]. The
single-particle scattering spectra were estimated on ~ 50 NPs [57]. It is difficult to reach a red-
shift near 700 nm with very low densities and high gap distances of AuNH on the surface, with
sizes ~ 70 nm. This assures that the peak at ~ 620 nm is originated from the response of anisotropic
AuNH embedded in high Rl of PMMA. Using a micro-extinction setup, our measurements have
only been conducted on a small area of NPs. Inevitably, the optical properties of single-particle
scattering measurements are smaller than the ensemble solution values [58]. Ruibin Jiang et al.
concluded that the influence of an internal Au core on plasmonic properties of core-shell nanorods
boosts once Ag shell thickness reaches a value lower than 5 nm [59]. At this condition, the core
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metal will exert a high impact on its coupling and interaction with the exterior shell. A shell
thickness < 5 nm is expected in our fabricated structures. This strengthens the coupling between
interior and exterior NPs and makes the Ag shell highly affected by the high RI sensitivity of
AuNH and PMMA. This allows the continuous red-shift of the peak into ~ 700 nm. Accordingly,
the peaks situated at 695-700 nm and assigned to the coupled core-shell system are quite analogous
at all speeds due to the slight variations in the shell thicknesses. Based on the SEM images, with
the presence of an unsymmetrical hexagon Au core with constant lateral average size of ~ 70 nm
and shape at all speeds, it is worth noting that the shift of optical properties is quite sensitive to the
shell thicknesses and unaffected by the core [60]. According to previous assumptions, it is
anticipated that the LSPR bands of the core-shell systems are gradually red-shifted owing to the
fact that the thicknesses of the shell are decreased [61].
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Figure 33. (a) SEM micrographs of Ag/Au core-shell structures obtained by varying spin-coating speed at constant
ratio Ragaw= 0.6; (b) The influence of spin-coating speed on the experimental reflection spectra of BNPs as it
approaches a silicon surface; and (c) The variation of the maximum wavelength of the first plasmon band as a function

of spin-coating speed.
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3.3.3 Optical monitoring on Rag/au= 0.6 at 7000 rpm

This study can be considered as time-dependent fabrication and analysis of BNPs, as a first step
towards enhancing our understanding of the mechanism of formation of core-shell structures. It is
apparent from Figure 34 that the evolution of the reflection spectra differs with time on the same

sample.

When the substrate is freshly analyzed (Figure 34(a)), the reflection spectra show the presence of
two bands at ~ 540 and 620 nm. This proves that the formation of AuNPs starts immediately due
to their high rate of growth. Typically, anisotropic geometries yield additional dipole resonances
consistent with their shapes, thus giving rise to more than one peak [35]. This is an evidence to
support the hypothesis that AuNPs have non-spherical morphologies. The hexagon shape of
AUNPs is presented in Figure 33. At the same time, a slow appearance of reflected bands of Ag in

the 400 nm region takes place during the synthesis.

Within 6 h (Figure 34(b)), a major new peak exhibits a red-shift to 695 nm, as revealed by the
time-dependent reflection spectra. The peaks of AuNPs (~ 540 and 620 nm) were reduced in
intensity. This observation emphasizes the upgrowth of a new bimetallic system. The formation
time of BNPs ~ 6 h was noticeably accelerated by the presence of Au, but overall it was still slower
than that of Au alone. This might be caused by the seeding effect of Au. This also demonstrates
the need to overcome a certain time to start the formation of BNPs. Afterwards, the major peak
shift becomes slow by moving only to 700 nm. The increased deposition of Ag atoms over time
caused the intensity to decrease, thus resulting in large sizes and few numbers of NPs. As the time
prolonged, the reflection band of Ag red-shifts and its intensity has considerably increased. This

is ascribed to the contribution of the excess of Ag atoms in the growth of AgNPs.

No other time evolution is then observed in the reflection spectra after 1 week of synthesis (Figure
34(g)). This suggests that the sample reaches a stable condition and completes its growth after 1

week. This time is appropriate for the complete consumption of all the precursors.
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3.3.4 Proposed Mechanism at different Ag/Au ratios

The pathway mechanism for forming BNPs is suggested in Figure 35. The growth of different
BNPs structures depends on a combination of several factors including the relative strengths of
homonuclear and heteronuclear bonds, surface energies of bulk elements, and its relative atomic
sizes [62]. It has been established that the relative bond strengths of Ag and Au metals follow the
order where Au-Au bond (D° = 218 kJ/mol at 289 K) precedes the Ag-Au (D° = 203 kJ/mol at 289
K) and Ag-Ag (D° = 163 kJ/mol at 289 K) bonds respectively. This makes new Au atoms favor
the deposition on Au surface of NPs rather than Ag surface, while new Ag atoms will be more
prepositional to accumulate on the Au surface of NPs. The surface energy of Ag (1.25 J.m?) is
lower than that of Au (1.5 J.m™) and their atomic sizes (r = 144 pm) are comparable. This implies

that Ag atoms tend to be placed at the surface of NPs [63].

Generally, the mechanism is based on a seeded growth process on the surface. The reduction of
both Ag* and Au®* ions is initiated once the two layers are deposited on the Si-As substrate. The
conductivity of this latter and the counter ions (NOz™ and CI°) play a vital role in providing the
electrons into the metallic precursors. This widely complicates the understanding of the
mechanism since there is no control over the sources of free electrons. To prevent any initiation of
alloyed structures, the procedure was made at RT to inhibit any inter-diffusion between Ag and
Au atoms. In our synthetic conditions, most of the Ag and Au ions are immediately reduced to
atoms before the formation of nuclei due to the high reduction rate of nucleation and growth. This
leads to a preferential collision of atoms and nuclei instead of collisions between either atoms or
nuclei. The number of nuclei formed from Au (fast nucleation) is higher than Ag nuclei (slow
nucleation). The fast nucleation rate of Au is certainly due to its high reduction potential (E°=
1.498 V) when compared to Ag (E°= 0.7996 V) [63]. This promotes the further growth of Ag
atoms on the formed Ag and Au nuclei via homogeneous and heterogeneous growth respectively.
The way of the growth of Ag atoms is affected by the surface energy of the different shapes (cubic
or hexagon) of exposed Au seed facets.

A heteroepitaxial overgrowth results from the close match in lattice constants and crystal structures
between the seed (Au) and deposited metal (Ag) [64]. It is still possible, however, for the final
nanostructure shape to differ from that of the initial seed as the crystal habit is also governed by
the growth rate of crystallographic facets.
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For heterostructures (Figure 35(a)), the growth follows the VW mode [65]. The deposition of Ag
atoms starts to grow on the higher surface energy {110} edges followed by a possible sequential
migration into {111} vertices of Au cubic seed and {100} facets by surface diffusion. This is
broadly consistent with prior observations in the literature [66-68]. Since deposition occurs at a
much faster rate than diffusion, the growth is restricted to the {110} facets of the cubic seed. This
leaves the {100} and {111} facets unexposed to any atomic deposition, and forms segregated
islands on {110} facets.

At extreme values of Au additives (Figure 35(b)), a high quantity of Au atoms will undergo a
homogeneous growth on Au nuclei and form a considerable quantity of anisotropic AuNPs and
high aspect ratios. This will not exclude the probability of the presence of minor amounts of BNPs
and AgNPs on the surface. The Au cubic seeds simply grew into larger cubes still enclosed by
{100} facets. Both deposition and diffusion occur uniformly on all the facets of the cubic seed,

ultimately forming high aspect ratios of anisotropic AUNC through a layered growth (FM mode).

The sample with eccentric core-shell BNPs (Figure 35(c)) can be viewed as an intermediate
between FM and SK growth modes [65]. Ordinarily, in face-centered cubic (FCC) nanocrystals,
the surface free energies of high-index facets of Au decrease in the order of
{111}>{100}>{110}[35]. Besides having twin boundaries, the hexagon-shaped AuNP contains
{111} and {200} lattice planes [69]. The (111) lattice planes cover a much larger portion of the
particle's surface [69]. This facilitates the preferential growth of Ag atoms onto {111} facets of
polycrystalline AUNH seed, and promotes the growth into crystals exposing {111} planes rather
than uniform coverage at all the facets of AUNH. This observation is supported by previous studies,
where new atoms are more exposed to grow along <{111}> directions [69-71]. Eventually, an
anisotropic eccentric core-shell structure with enriched Ag in the outer layer is developed since

the Ag atoms did not coat the AuNH from all its entire sides.

The findings of the mechanism point towards the idea that Au additives act as: (i) accelerating
agents for reduction of Ag and formation of BNPs, (ii) preferential sites for the growth of Ag atoms

(nucleation centers-seeding effect).
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3.4 Conclusion

We demonstrated a rapid surface-based approach for the fabrication of Ag/Au BNPs with tunable
dimensions and morphologies. In this synthesis way, the resulted heterostructures were mainly
mediated by the repulsive interactions between the two nanometal/PMMA layers and the substrate
surface. Precisely, these interaction forces can be controlled by the speed and the Ag/Au molar
ratios. As a result, a relatively safe, facile, and cost-effective synthesis was accomplished.
Anisotropic growth modes of BNPs have been attained by a site-selective heterogeneous growth
of Ag on substrate-based Au seeds. A regime of slow and moderate kinetics has directed the
reaction towards a bimetallic heterostructure and core-shell configuration. Fast rates of reaction
have induced a physical mixture of nanospheres and anisotropic nanocubes.

The optical properties of BNPs on the opaque surface were successfully predicted and improved
using a micro-extinction setup. These advancements are in demand in a field where any change in
structural properties can result in huge changes in optical and sensing signatures. Results so far on
anisotropic BNPs were promising as SERS sensors promoters. This was derived from a chemical
enhancement on the steps, edges, tips, corners, and kinks of the high-indexed facets. Although
these results were only validated on very small densities of surfaces, the synergistic effects
between two coupled metals still render this sample the high sensitivity. The evaluation of sensors
with different wavelengths has illustrated its optical versatility. A comparative SERS study has

been done to provide a correlation between anisotropic shapes and sensing properties.

This study provides a framework for synthesizing more complex hybrid nanomaterials with dual
functionalities such as Ag/Pd and Au/Pd. By manipulating the morphology in such a precise way,

hybrid systems can be exploited in bio-detection, diagnosis, catalysis, and optical applications.
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Chapter 4: Synthetic design of shape-controlled Ag/Au oligomers
via silver-assisted growth strategy

4.1 Introduction

It has become increasingly important to control the shape of nanostructures, as many of their
physiochemical properties are highly shape-dependent [1,2]. Although fairly empirical,
nanocrystal shape control remains a challenging problem for integrated nanomaterial systems [3].
Several effective synthetic strategies have been developed over the past years to facilitate the
creation of bimetallic nanostructures with a variety of structures and components [4-7]. Plenty of
related works are cited in both Chapters 1 and 3. Zero-dimensional 0D (tetrahedrons, octahedrons,
cubes, icosahedrons, rhombic dodecahedrons ...) [8,9], 1D (rods, wires..) [10,11], 2D (triangular
and hexagonal plates) [12], and many derivative bimetallic structures (core-frame, nanoboxes and
nanocages) [13,14] are reported in the literature. Table 4 represents a summary of shape-controlled
bimetallic nanostructures, including alloys, core-shells, and heterostructures, that have been
successfully synthesized through colloidal routes of continuous growth, crystallites coalescence,
seeded growth, and GRR [15].

The method of creating AgNPs coupled with AuNPs would be extremely valuable for extending
their fundamental properties and applications in plasmonic sensing [16,17]. In this case, with
AgNPs brought close to adjacent AuNPs, a drastically intensified E-fields within extremely small
regions will drive the E-field enhancement to extreme values. Thus, BNPs will act as efficient
SERS platforms for detection of an important single molecules [16,17]. However, the nominal
SERS performances of colloidal dispersions are distinct from the substrate-supported colloids and

the nanostructured substrates in the dry state.

A reliable and quantitative colloidal SERS probe must consider several key aspects related to
analyte adsorption, signal stability, and colloidal stability in order to achieve a combination of
efficiency and robustness [18-20]. To succeed in doing this, the colloidal SERS sensing probes
must meet several requirements: (a) Sensors should be designed to promote an ultra-sensitive
guantitative adsorption of analytes and enhance their characteristic signals, (b) The SERS signal
yield should be effective so that the detection limit can be increased, (c) SERS measurement
conditions should be long-term stable, homogeneous, reliable, and reproducible.
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In Chapter 3, we have achieved the formation of heterostructures, eccentric core-shells, and
physical mixtures of two metals on surfaces by varying the concentration of Au®*. Herein, we
aimed to investigate the influence of Ag* concentration on the synthetic products and sensing
characteristics. The objective was to accurately elucidate the real structure and the pathway of
synthesis of Ag/Au BNPs through the analysis of samples taken at several time intervals during
the synthesis. In this chapter, we provide a comprehensive view of the synthesis of BNPs by VIPS
method as well as the mechanism of action based on their unique optical properties. A description
of how diverse factors interact to produce these unique traits is also discussed. Finally, the

applications of BNPs in SERS are presented.

To the best of our knowledge, shape-sensitive SERS performances of BNPs have been scarcely
investigated [32]. Understanding the promotion effect in sensing applications as well as building
a correlation between structural properties of BNPs and SERS performance will give us powerful
insights into the rational design of robust bimetallic sensors in future. Even with our achievements
in precisely controlling the morphology and structure of BNPs on surface and establishing their
formation mechanisms, there are still several significant challenges to overcome. It is worthy to
note that the studied substrates were not the most suitable for SERS since we only focused on the
influence of structure and morphology of BNPs on sensitivity. In all samples, the BNPs were low
in densities and separated by large gap distances. Despite this, the results successfully prove that
the adsorption of the analyte on nanostructured substrate surfaces instantaneously occurs with no
retardation effects by detecting 4,4'-BP in about 1 s, which is considered as an ultra-rapid
measurement time response. Also, the results achieved were satisfactory and above expectations.
The limit of detection (LOD) ~ 10° M for such an ultrasensitive probe may be lower compared to
that of other ultrasensitive probe designs, but it is still in the order of magnitude expected for the
conditions of our fabricated substrates. Because of the high colloidal stability provided by the
PMMA matrix stabilization, SERS does not form active aggregates. Aggregation without control
might provide a quick route to boosting SERS signal strength, but fails to predictably and
reproducibly stabilize the signal. Further studies on the current topic are therefore recommended
in order to enhance the quality of bimetallic sensors. As a preliminary attempt, the SERS results
are promising and should be validated by optimization of synthetic conditions to attain full covered

bimetallic surfaces.
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Table 4. A summary of (a) alloyed; (b) core-shell; and (c) heterostructures bimetallic systems with well-defined

shapes synthesized by four colloidal routes, and lists of their geometric structures and key factors of shape control.

Adapted from [15]

(a) alloyed

Bimetallic nanostructures

Synthetic route

Key factors in the
synthetic process

Synthetic cases

Cube‘

Continuous growth

Capping agents
strongly bind on
{100} facets

Pt_M7,8,10,11.40

Telrahedron‘ Octahedron ‘

Continuous growth

Capping agents
strongly bind on
{111} facets

Pt—MB'10‘11‘38

Icosahedron 6

Continuous growth

Slow reduction rate;
capping agents
strongly bind on
{111} facets

Pt-Pd*2

Rod y

Continuous growth

Surfactant-formed
templates

Pt-Fe'®, Pt-Cu*

Multi-pod*

Continuous growth

Facet-specific
oxidative etching

Au—Pt?°

Dendritic structure %

Crystallites coalescence

Rapid reduction;
polymer-formed
templates

Pt-Pd,* Au-Pd*

|
Wire%

Crystallites coalescence

Facet-oriented
attachment of
crystallites

Au-Ag,** Pt-Ag®®

Hollow structure . '

Galvanic replacement
reaction

Kirkendall effect

Pt-Pd?2!

Concave structure ‘ -

Galvanic replacement
reaction

Underpotential
deposition

Au—Pd,*® Pt—Cu?
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(b) core-shell

Bimetallic nanostructures

Synthetic route

Key factors in the
synthetic process

Synthetic cases

Capping agents Pt@Pd,’
Cube Seeded growth strongly bind on
' ~ {100} facets Au@Pd®*
Capping agents 9
Octahedron N Seeded gond strongly bind on ﬁg%';‘igg
‘ {111} facets
2 Rapid reduction; Pd@Pt,*®
Core-dendritic shell Crystallites polymer-formed Pd@Rh,*
' coalescence templates '
Au@Pd@Pt'’
Tris- ' \ Template-directed Au@Pd51
Tetrahexahedron( o i G Seeded growth epitaxial @
deposition
Large lattice
h mismatch;
Tetrahexahedronw Concave cube ' Seeded growt oxidative etching Au@Pd*42
promoted Ostwald
ripening
: Growth rate control on Pt@Rh,*
C
Concave cube ' ol tng:gn /\ Seeded growth different facets Au@Pd*

(c) heterostructures

Bimetallic nanostructures

Synthetic route

Key factors in the
synthetic process

Synthetic cases

Binary structure L‘

Seeded growth

Island growth
caused by large
lattice mismatch or
rapid reduction

Au-Pt,® Pt-Pd?2

Multi—pod*

Galvanic replacement
reaction

Facet-specific
galvanic
replacement
reaction

Pd-Pt®
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4.2 Results and Discussions

4.2.1 SEM Images & Optical Characteristics:

First, it is worthy to note that we performed all experiments (synthesis and characterizations)
according to the experimental section given in Chapter 3. Two sets of substrates were conducted
to determine the effect of concentration of AgNO3/PMMA on the composition and morphology of
BNPs. The structure of BNPs was readily tuned by controlling the Ag/Au molar ratio as shown in
the previous chapter but here we fix the Au concentration precursor (60 mM) and we vary the Ag
one from substrate to another. Figure 36 reveals that Ag concentration change greatly influences
the kinetics of growth of BNPs into specific structures and shapes. The morphology of bimetallic
system evolves from inter-connected hetero-oligomers to eccentric core/shell bimetallic
nanostructures when Ag/Au ratio increases from 0.3 to 0.6. To better visualize these structures,
the zoom-in portion of the images are given in insets of Figure 36. Figure 36(a) shows a structure
of oligomer chains of different kinds of metals. EDX result demonstrates the presence of both Ag
and Au on the substrate surfaces, as indicated in Figure 37. The electron beam was focused on one
aggregate particle for the purpose of identifying the elements in individual particles. When the
particles are sufficiently large, the electron beam can be focused on a specific region of the particle
surface area or center to investigate its regional composition. This often reveals non-uniformity in
the real composition of the particles. Consequently, both Ag and Au showed similar intensities
regardless of Au's higher concentrations. The MNPs fuse together along different directions by
forming metallic bonds at the interfacial sites to grow into chains. The particles grow into chains
through a combination of a direct nucleation and growth onto the seed particles and OAP. The
monitoring of spectral profiles with time in Figure 38 provides a detailed understanding of the
mechanism of formation of inter-connected hetero-oligomers at low Ragau= 0.3. At high Ragiau=
0.6, in Figure 36(b), the fast reaction kinetics allows the Ag atoms to readily approach the Au seeds
by rapidly growing on its multiple sites. Consequently, an eccentric core-shell configuration is

produced.
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Figure 37. Representative SEM images of synthesized Ag/Au bimetallic nanostructures, demonstrating that diverse
morphologies and configurations are made possible by deposition of different concentrations of Ag*/PMMA on Si-
As substrates: (a) hetero-oligomers at low ratios of Ragaus= 0.3; and (b) eccentric core-shell structures at high ratios
of Ragau=0.6. The scale bar of SEM images is 1 um. The insets show the corresponding optical spectra changes and
a cross-sectional SEM image of each bimetallic nanostructure, revealing its structure and profile. (¢) Schematic
illustration of the kinetically-controlled bimetallic nanostructures produced by simply altering the rate of reaction and

concentration of Ag*/PMMA precursor.
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Ag" ions can control the SMG of the AuNPs through surface passivation, and can access a different
set of high-index particle shapes [21-24]. Controlling the concentration of Ag cationic additives
has directed the growth of AuNPs into four different morphologies including octahedra, rhombic
dodecahedra, truncated ditetragonal prisms, and concave cubes [25]. The UPD of Ag onto an
existing Au surface facets, a process which involves the reduction of Ag* ions on Au surface rather
than in bulk by reducing agents, has been suggested as the cause of these shape-directing properties
[26]. The deposition of Ag on higher energy surface facets of Au impedes the further deposition
of Au on that same facets and stabilizes it, causing it to slowdown in growth and be retained in the
final nanoparticle structure. Consequently, a monolayer or submonolayer of Ag forms on Au
particles due to Ag UPD [27]. For this reason, the Ag* concentration on surfaces of Au particles
is considered as an important factor in controlling AuNPs anisotropic growth.

Full scale counts: 1925 bimetalic-AuAg-J1(2) Cursor: 0.016 keVv
0 Counts

1500
1000

500

kim-1-H keVv

Figure 38. EDX spectrum showing the characteristic X-rays originated from interacting a single hetero-oligomer
nanoparticle with an electron beam. This spectrum refers to the sample prepared at ratio Ragas,= 0.3.

In Ag-assisted SMG synthetic methods, higher Ag* ions concentrations in the reaction solution
allow more Ag® ions to be available for rapid coverage of more open Au surfaces and more
stabilization of higher-energy facets, thereby inhibiting Au displacement of Ag. In contrast, at low
concentration of Ag* ions, Au deposition occurs more frequently on particle surfaces and the
reaction conditions prefer the displacement of Ag by Au. The preference for Au to form on open
surfaces is due to the inability of Ag to completely cover these surfaces at such low concentrations.

Therefore, the initially formed Ag on high energy facets will be more likely to be displaced. Ag
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then redeposits and reaches a lower-energy facet where it can attain complete and uniform
coverage and therefore better prevent Au deposition [27]. This confirms why AuNPs tend to have
ill-defined facets at low Ag* concentrations, whereas more exotic structures with high index facets
were often found at high concentrations of Ag"*.

An optical analysis was carried out on the two substrate-based bimetallic nanostructures, as
highlighted in the insets of Figure 36. Hetero-oligomers exhibit only a single broad LSPR band at
643 nm, but the anisotropy of eccentric core-shell structures gives rise to four LSPR bands,
corresponding to the response of AgNPs (~ 433 nm), transverse axis and longitudinal axis of
AUNH (~ 540 and 620 nm), and the coupling response of core-shell system (~ 700 nm)
respectively. The optical properties of the core metal (Au) can be clearly seen since the shell does

not surround the core in a continuous layer, as clarified in Chapter 3.

4.2.2 Optical Monitoring and Proposed Mechanism

To confirm the suggested mechanism, Figure 38 summarizes the evolution of plasmon bands with
time. The synthesis can be divided into four stages: Formation of (a) monomers of AuNPs, (b) Au
dimers, (c) Ag-Au hetero-dimers, and (d) Ag/Au hetero-oligomers with rounded corners and

edges.

Initially, at Day 1, the sample exhibits one plasmonic band at 530 nm which corresponds to a

response of AUNS monomers dispersed in a PMMA matrix (size ~ 20 nm).

The position of this characteristic band changes completely with time. Notably, with increasing
the reaction time (Day 2), the peak gradually broadens and red-shifts towards longer wavelengths
~ 610 nm, and becomes more enhanced in intensity. The peak, assigned by an arrow at 530 nm, is
overlapped with the new band formed at 610 nm. Dimerization of AuNPs with a decrease in
interparticle separation distances induces the broadness of spectrum and the large shift.

A DDA method was previously performed to evaluate the effects of interparticle spacings on the
extinction and near-field properties of Au—Au, Ag—Ag, and Au-Ag nanosphere homo and hetero-
dimers [28]. Dimers were analyzed under z-polarization incidence in an ambient medium of RI
near 1.33 [28]. The extinction spectra of single dimer of AuNS with size ~ 20 nm and interparticle
space d= 5 nm showed a peak at ~ 580 nm. Changing the local environment of NPs (i.e. PMMA

medium with RI ~ 1.5) and the presence of an underlying Si-As substrate of different permittivity
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compared to the rest of NPs can have unusual effects on the position of LSPR band. This justifies
the red-shift of the major peak into ~ 610 nm. An additional weakly enhanced Ag peak at ~ 407
nm is also formed at Day 2.

Furthermore, at Day 3, we noticed new plasmon bands centered at 450 and 590 nm, which could
be attributed to the formation of Ag-Au spherical hetero-dimers, suggesting that the interaction
between the two metals can take place if the reaction is prolonged beyond 48 h. The peak position
of Au-Ag hetero-dimer at 450 nm is due to AgNPs, and the other at 590 nm is due to AuNPs. Both
MNPs are affected by the RI of the other metal. The maximum intensity decreases as the
interaction between hetero-dimers occur. Based on a DDA simulation of different sizes of Au-Ag
hetero-dimers in Rl ~ 1.33, there are two consistent extinction peaks sensitive to interparticle gap
distances [28]. A dimer structure composed of Ag-Au hetero-dimer nanospheres with the radius
of R =20 nm and the interparticle separation distance of g = 5 nm displays two extinction peaks
near 420 and 550 nm [28]. The most significant factor behind the shift in the LSPR position of
hetero-dimers is the change in the surrounding environment, which impacts the local RI
experienced by the NPs.

At Day 5, a new LSPR band ~ 643 nm is formed and intensified. However, the larger shift is most
likely due to increased interactions between the two MNPs on surface. Changes in the structure of
the bimetallic system lead to a red-shift of the coupled mode and increased scattering contributions.
The broadness of this peak is clarified by the high formation of aggregated BNPs. The number of
junctions per nanoparticle (NP) increases with the time, thus resulting in a continuous red-shift of
the band. The shape of aggregates resembles a chain-like configuration and the aggregation
process follows a step-growth mode [29]. To this end, all the monomers and oligomers have a
similar tendency towards aggregation. Due to the slow kinetics, the incoming Ag monomers favor
to spontaneously aggregate with the Au monomers. As NPs aggregate and reaction proceeds, their
monomers will be consumed, resulting in dimers, then trimers, which further aggregate to
sequentially form oligomers. According to current research, OAP might occur as a result of
collisions of aligned nanocrystals or rotation of misaligned NPs in contact towards low-energy
interface configurations [30]. OAP primarily forms hetero-oligomers at dispersed or agglomerated
conditions through successive collisions or direct contact at specific directions. Precisely, the
particles are continuously rotated and interacted with each other until they achieve the perfect
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lattice match. When particles are close enough to each other, there can be a sudden jump between

them which causes a type of contact and, consequently, a type of lateral atom-by-atom addition.

Similar spectral features for this sample were observed after 5 days of synthesis. The emergence

of same peaks highlights the stability of this sample.
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Figure 39. The reflected plasmon band positions measured as a function of synthesis time for the sample prepared at

low ratio Ragas= 0.3. Monitoring of spectral profiles identifies the mechanism involved in the formation of hetero-

oligomers on substrate-based platforms.
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4.2.3 SERS features

The SERS spectra were captured on both bimetallic substrates, coated with equal concentrations
of 4,4'-BP. Figure 39 shows that the average SERS spectra of 4,4’-BP on the bimetallic eccentric
core-shell surface shows a higher signal intensity than for the hetero-oligomers surface at both
excitation wavelengths i.e. 514 and 633 nm. The details of SERS measurements are previously
mentioned in Chapter 3. Figure 40 also represents the measured SERS signals from different probe
sites, which were randomly selected on BNPs substrate surfaces covered with 4,4’-BP. The most
important feature in the design of BNPs by VIPS approach is the use of a PMMA matrix not only
to confine the particles, increment their stability and avoid their aggregation under operation

conditions, but also to enhance their SERS sensitivity.
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Figure 40. Raman and SERS spectra on the hetero-oligomers and eccentric core-shell bimetallic nanostructures at
different excitation wavelengths: (a) 633 nm; and (b) 514 nm. Each spectrum is an average of at least 3 regions
which were acquired from randomly selected spots on the samples.
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The SERS results of both substrates cannot be compared in terms of density of BNPs and number

of exterior hotspots.

Herein, the morphology of bimetallic nanostructures has a direct effect on its SERS sensitivity.
Eccentric core-shell BNPs have special electronic effects at their interfaces that facilitate the
vigorous adsorption of analytes onto the BNPs surface, which ultimately increase SERS efficiency.
The selective growth of AgNPs on the tips of AuNH creates interior plasmonic hotspots where the
electromagnetic field is greatly enhanced [31], allowing the eccentric core-shell structures to
exhibit greatly improved SERS performance. Well-designed nanosensors with defined anisotropic
facets tend to have increased surface coverage, which further enhances its active surface sites.
These enhanced sensing properties can be ascribed to the presence of sharp corners and edges in
the high-index faceted hexagon Au-core of the shield-like Au-Ag core—shell structure, in relation
with concentrated hot-spots in the nanoparticle’s tips. The inefficient SERS sensitivity at low ratios
is attributed to the ill-defined irregular shapes of BNPs oligomers and its round effect at the
corners. It is worth pointing out that the enrichment of Ag atoms in eccentric core-shell BNPs
helps to improve its SERS effect.

Tailoring a close match of LSPR relative to the laser excitation wavelength (AA= 633-620=13 nm)
generates a high SERS sensitivity with eccentric core-shell BNPs. The hetero-oligomers show the
weakest SERS peak, although their LSPR peak ~ 643 nm overlapped the most with the 633 nm
excitation. This weak correlation reflects the high sensitivity of eccentric core-shell BNPs due to
the accumulation of high number of intrinsic hotspots created at its sharp corners. In contrast, with
excitation at 520 nm, away from the LSPR peak ~ 643 nm, the SERS efficiency of the Ag/Au

hetero-oligomers was greatly reduced.
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Figure 41. SERS spectra collected from 4 randomly selected points on (a) hetero-oligomers; and (b) eccentric core-

shell substrate surfaces.

4.3 Conclusion

This study has demonstrated a general one-pot strategy to elaborate Ag/Au hetero-oligomers and
eccentric core-shell nanostructures. According to our results, Ag/Au molar ratio plays the most
significant role in directly affecting the reaction mechanism and the resulting products. Increased
Ag concentrations effectively deposited the Ag atoms on the AuNH seeds in a core-shell
configuration. In contrast, synthesis at lower Ag/Au ratio yielded aggregated spherical hetero-
oligomers. Seed-mediated synthesis of Au nanostructures commonly uses cationic additives that
have shape-directing effects, such as Ag* ions. Anisotropic hexagon AuNPs form when
Ag*/PMMA concentration is high, while its lowest concentration promotes the growth of quasi-
isotropic AuNPs on surfaces. As a result, at high ratios Ragau= 0.6, the presence of high-energy
facets on Au allows incoming Ag atoms to deposit therein at a much faster rate than on other
seemingly isotropic surfaces. If the ratio is low, the remaining Ag ions that don't contribute to Au
growth will be quite low, restricting the coating of Ag on Au seeds and making it likely only to
form spherical AgNPs that are strongly thermodynamically favored. Spherical AUNPs do not have
the desired facets that allow the adsorption of Ag atoms. Consequently, this sample will undergo

a step-growth mode and OAP to complete its growth into hetero-oligomers.
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Summary, Conclusions, Perspectives, and Supplementary

Information

Conclusions

This dissertation investigated that VIPS approach, an innovative surface-based strategy, can be
applied to the synthesis of bimetallic nanostructures with different configurations. This surface
approach holds wide appeal because it is convenient, rapid, and inexpensive. Given the multitude
of methods available for fabricating BNPs, most previous research has predominantly focused on
solution-based techniques. Chapter 1 summarizes a substantial amount of work performed on

BNPs synthesis.

Chapter 2 describes a novel, one-shot strategy to fabricate ultrasensitive SERS sensors based on
Ag/PMMA nanocomposites. Upon spin coating of a dispersion of PMMA and silver precursor on
N-doped silicon substrate, closely separated AgNPs were self-assembled into uniform
nanospheres. As a result, a thin hydrophobic PMMA layer embedded with AgNPs was obtained
on the whole silicon substrate. Consequently, a large-scale, reproducible SERS platform was
produced through a rapid, simple, low-cost, and high-throughput technology. In addition,
reproducible SERS features and high SERS EF were determined (EF ~10%°). This finding matches
the highest EF reported in literature to date (10%#) for silver aggregates. The potential and novelty
of this synthesis is that no reducing agent or copolymer was used, nor was any preliminary
functionalization of the surface carried out. In addition, the AgNPs were fabricated directly on the
substrate’s surface; consequently, there was no need for polymer etching. Then, the synthetic
method was successfully applied to prepare opaque SERS platforms. Opaque surfaces are needed
in photonic devices because of the absence of secondary back reflection, which makes optical

analysis and applications easier.

In Chapter 3, we report an innovative facile polymer-templated synthesis of Ag/Au BNPs on large
surface. By controlling the reaction Kkinetics, the BNPs have been successfully prepared with a
variety of structures: heterostructures, eccentric core-shells, and physical mixtures of two metals.
The amount and initial shape of the Au seeds structures determined the final architectures of

bimetallic nanostructures. The underlying synthesis mechanism of BNPs was regulated by a SMG
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on the surface. The newly formed Ag atoms were directed to selectively nucleate and then
epitaxially grow on specific facets of a cubic/hexagonal Au seeds. Comprehensive results
demonstrating an optical response of two M*/PMMA layers on opaque surfaces by micro-
extinction measurements were obtained. Sensors based on anisotropic bimetallic substrates were
ideal for sensitive 4,4’-BP detection. The polymer surface-induced accumulation of high electric
fields on nanoscale sensing volumes of anisotropic core/shell BNPs allowed more analyte
molecules to access their high-index facets. This sample possessed a high SERS sensitivity despite
only being validated on very small densities of surfaces; thanks to the synergistic effects between
the two coupled metals. The present findings suggest that a surfactant-free synthesis can be used

as a powerful mean of defining growth strategies based on silicon substrate platforms.

Chapter 4 Two distinct bimetallic nanostructures, namely, hetero-oligomers and eccentric core-
shells were obtained under low and high Ag”/PMMA concentrations, respectively. The Ag
concentration-dependent, facet-specific passivation, and presence/absence of anisotropic facets
were the main factors responsible for controlling the structures of final products. Based on an
understanding of the role of Ag™ ions in controlling the shape of anisotropic AuNPs, we can apply
tailored concentrations of Ag* to design NPs with desired anisotropic surface facets to allow site-
specific Ag coatings on AuNPs. The morphology differences of both substrate samples resulted in
discrete plasmonic and sensing features. In SERS studies, we showed that the site-selective
deposition of Ag on anisotropic AuNH delivers more advantages than the hetero-oligomers

nanostructures counterparts.

As a summary, there still exist many opportunities in the development of various bimetallic
nanostructures with site-selective nanomaterial deposition on plasmonic NPs and the exploration
of their applications. The improved preparation technique (VIPS) and the deepened understanding
of the mechanisms in the growth and performance/property enhancement of such nanostructures

will greatly extend their applications in sensing, biomedicine, and plasmonic photocatalysis.
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Perspectives

The aim of this thesis was to fabricate multifunctional bimetallic nanomaterials as an important
step towards advanced SERS applications. Lot of studies were conducted for optimizing the
experimental conditions that can allow the elaboration of the suitable bimetallic nanomaterial.
However, we still need to perform more trials to conduct full covered bimetallic surfaces. In order
to develop sensitive bimetallic nanostructures more suitable for SERS, the following aspects could

be further explored:

- Because this is conspicuously a surface mechanism, conductivity of substrates plays a vital
role in the synthetic mechanism. The substrate conductivity shows a major role in the
spontaneous reduction of metallic salts and formation of MNPs. Generally, ITO-coated glass
substrates are more conductive than Si-As. Relying on the differences between the electrical
conductivities of both substrates, high density of BNPs can be obtained by making a deposition
on ITO substrates.

- These problems can also be overcomed if bimetallic compounds are adopted as single-source
molecular precursors. This could be effective in producing BNPs easily owing it to the
presence of one PMMA layer instead of two. This could promote the interaction between the
two MNPs and allow their presence on surfaces with high quantities.

- Figure 41 reveals that BNPs still exist even after removing the PMMA, which is confirmed by
the decrease of reflection intensity without having any null response. The PMMA was
extracted from the second layer of hetero-oligomers bimetallic sample after 5 days of synthesis.
The bimetallic sample was rinsed with MIBK solvent for 1 min. Interestingly, BNPs retain the
same band forms despite the absence of polymer matrix, demonstrating their excellent
adhesion to the substrate. This indicates that a stabilizer is unnecessary here, as opposed to
colloidal synthesis. It is extremely important to have this property, since removal of this
stabilizer could disrupt the morphology of nanostructures, and that would be an inconvenience

in most synthesis methods.
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Figure 42. Reflection optical spectra of hetero-oligomers bimetallic sample before and after rinsing of second PMMA

layer

- VIPS approach can be extended to formation of alloys, as shown in Figure 42. This was
achieved by using PMMA dissolved in MIBK instead of acetone, heating the sample at 100°C
for 30 min, adopting HAuCl4.3H2O as gold precursor molecule, and using 20 mM as a
concentration of both AgNO3z/PMMA and HAuCI4.3H.0O precursors. The sample was spin-
coated at a speed of 10000 rpm. We propose that further research should be undertaken in the
following area. This study is deferred to a future work. Choosing 60 mM and 40 mM as an
optimal concentration for gold and silver solutions respectively can allow the better correlation
of the plasmonic optical responses to structural parameters and can lead to more encouraging
results. As a result of the high densities and small intra- and interparticle distances between the
corn-flakes NPs, which induce hot spots to accumulate in the confocal volume of measurement,
a high SERS EF could be obtained. Such a high sensitivity could be particularly effective in
detecting rare and dangerous chemicals in biomedicine, safety, and environmental pollution.

149



(a) (b)

Figure 43. SEM images showing a bimetallic system that could demonstrates an alloyed structure.

- The design of plasmonic Ag/Au bimetallic systems requires the creation of improved
modelling methods capable of predicting their unique optical properties. However, the
dielectric functions of these novel systems (core/shell, heterostructures, and hetero-oligomers)
on surfaces are not yet entirely known. For this reason, we proposed to measure the dielectric
functions of BNPs by spectroscopic ellipsometry followed by estimating the percentage of
elements in bimetallic system by X-ray photoelectron spectroscopy (XPS). The dielectric
function can then be introduced into a modified Mie theory in order to simulate the extinction
optical responses of a set of BNPs with different stochiometric distributions. The development
of a correlation between experimental (Micro-extinction Setup) and theoretical (Ellipsometry
Technique) optical studies will enable further advancements in the study of bimetallic
nanostructures.

- Future work should consider examining other bimetallic systems (i.e. Au/Pd, Ag/Pd ...) as this

could lead to interesting discoveries and unique dual and multi-component nanomaterials.

Appendix-A (related to Chapters 3 and 4)

Preliminary Studies to fabricate BNPs

Mixing two metallic precursors in solution
The first attempts made to make BNPs from mixing two different metallic precursors were not

successful. This study was initiated in order to enable the formation of BNPs on substrate surfaces
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and not in solution. A required amount of NaAuCls and AgNOs precursors were added to the
mixture solution, containing solvents and PMMA solution, to obtain different desired molar ratios
of Ag/Au: 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 1. Mixing together the metallic precursors solutions and
PMMA solution in precise proportions creates rapidly a thermodynamic unstable mixture with a
phase separation. In Figure 43, the color of the Ag/Au bimetallic nanofluid changed from brown
orange (A) to yellow (G) to colorless (H) after adding PMMA solution. The color changes may be
attributed to the small amount of Ag™ in the mixture which served as an additive to tune the growth
process of AuNPs. Usually, AgNO3 has two roles in the field of NPs synthesis in solutions. It
behaves as a driving agent for growth and control of shapes of NPs, and as a reducing agent for
generation of atoms instead of ions. For this reason, the amount of silver solution was smaller
compared to gold solution. Unfortunately, it fails to take into account that silver precursor makes
reduction for gold ions present in the solution, thus leading to presence of NPs inside the solution.

But, our work seeks to address how to form BNPs on surface rather in solution.

Figure 44. Photograph of the Au—-Ag bimetallic nanofluids prepared using different molar ratios of Au to Ag

precursors.

Removing PMMA from first Ag*/PMMA layer followed by subsequent deposition of Au**/PMMA
as second layer

Removing PMMA from first layer was done using different methods. We intended to remove
PMMA from the first layer and preserve it in the second layer to maintain the hydrophobicity of
surface, which is crucial for SERS. Unfortunately, the methods fail to eliminate the PMMA
without affecting the NPs.
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The substrate sample was subjected to a PMMA extraction by rinsing the first Ag*/PMMA layer
with MIBK solvent for 1 min. MIBK, which is a good solvent for PMMA, removed the majority
of the AgNPs products (Figure 44(b)). As indicated in Chapter 2, AgNPs were completely
localized and fitted inside the PMMA nanoholes.
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(a) (b)

Figure 45. SEM images of (a) Ag(40)/PMMA without rinsing; and (b) Ag(40)/PMMA after rinsing with MIBK for 1
min

Disjunctive Deposition of two metallic layers

As highlighted in Figure 45, the disjunctive deposition of 60 MM NaAuCls/PMMA-acetone as a
second layer on 40 mM AgNOs/PMMA-acetone using 7000 rpm as a spin-coating speed shows
that a physical mixture of Ag and AuNPs are existed on the conductive substrate. The time delay
between the two deposited metallic layers was 1 week. AuNRs with tunable aspect ratios were
achieved by VIPS approach on surfaces. This result is promising because the high aspect ratios of
Au nanorods can easily tune the plasmonic peaks into the NIR regions. In NIR regions, where
absorbance of light by biological tissues is at its minimum, these geometrical shapes of AuUNPs are
set to become a vital factor in biomedical imaging, SERS biosensors, and localized photothermal
therapy applications [1]. This result paves the way toward more comprehensive surface
manufacturing and opens perspectives in the synthesis of Au nanorods on surfaces. Despite this, it
was not our main objective in the meantime. It was our intention to focus on synthesis of bimetallic

nanostructures.
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Figure 46. SEM images of Ag(40)-Au(60) bimetallic sample synthesized by disjunctive deposition of the two layers

with a time delay of 1 week

Successive Deposition of two metallic layers

The way of synthesis of bimetallic sample (Figure 46) is practically the same as the one mentioned
in Chapter 3. The time delay between the two deposited layers was 10 min. We concluded that
using this strategy allowed the formation of bimetallic nanostructures. The PMMA layer overlaid
on top of the underlaying layer was an ~ exact duplicate. Hence, the two metals were able to
interact with one another and organize into specific configurations. Figure 46 reveals the profile
of the two PMMA layers when taking the SEM image without any metallization.
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Figure 47. SEM image showing the arrangement of the two PMMA layers after a successive deposition with time

delay of 10 min

Appendix-B (related to Chapter 2)

Principle of Ellipsometry

Ellipsometry is an optical analysis technique based on the change in polarization of light during
reflection on a flat surface. A rectilinear polarized light wave, sent to a sample, transforms into an
elliptical one after reflection (refer to Figure 47). Ellipsometry analyzes the properties of
elliptically polarized light by determining directly the ellipsometric angles ¥ and A, which
corresponds to the amplitude ratio and phase difference of the ratio of p- and s-polarized
reflectivities respectively [2,3]. In the reflection mode, ¥ and A are defined by the basic equations
(6) and (7):

p= % = tanWe 0° < A<360°, (6)

tany =% and A= 6,— 8  0°<¥<90°, @)

where rp and rs are the Fresnel amplitude reflection coefficients for the polarization parallel (p)

and perpendicular (s) to the plane of incidence; dp and ds are the phases of rp and rs.
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Figure 48. Schematic illustration of spectroscopic ellipsometry principle. Adapted from [2].

Ellipsometric Data Analysis

The values of the ellipsometric parameters (¥ and A) significantly depend on the optical constants
(refractive index (n) and extinction coefficient (k)), thickness of film, wavelength of light, and
incident angle [4].

In order to extract the effective optical properties of metallic/PMMA films and thickness of films,
a suitable model is required. Ellipsometry analysis is performed by fitting the experimental spectra
using an optical model. Figure 50 reveals the summary of data analysis procedure in spectroscopic
ellipsometry. The main optical parameters determined after modelling and minimizing the y? error
function between the experimental and the calculated ellipsometric data are: real (&) and
imaginary (&) parts of the dielectric function (Equation 10 and 11), refractive index (n) (Equation
12), extinction coefficient (k) (Equation 13), and the absorption coefficient (o)) (Equation 14). By
exploiting equation 8, the fit quality is given by the value of ¥? according to Levenberg—Marquardt

algorithm [5].

1
X = e SN Lol — WPy 4 (apodel — APy (®)

155



where N denotes the number of data collected versus wavelength A, M is an abbreviation of the
number of model parameters, and the superscripts model and exp refer to modelled and

experimental values respectively.

Ellipsometry Technique

The instrument employed was UVISEL phase-modulated ellipsometer of Horiba which provides
an accurate measurement over wide spectral ranges from 190 to 2100 nm. The design of this setup
is geared towards achieving a high sensitivity for characterizing thin film thicknesses and optical
constants. The system is fully integrated with Xe lamp source attached to a polarizer, photoelastic
modulator, analyzer, and a detection system comprising a monochromator and two detectors. The
two detectors used are a photomultiplier for UV-VIS and an InGaAs photodiode for NIR
applications. The configuration of the UVISEL phase modulated ellipsometer is shown in the
Figure 48 below [6].

Unpolarized light

Sample stage

Figure 49. Configuration of the UVISEL phase modulated ellipsometer used for measurements. Adapted from [6]

Modelling

Many theoretical approaches, such as classical effective medium approximation theory (EMT),
were widely used for detecting the optical properties of nanostructures embedded in a host
medium. EMT, including Maxwell-Garnet (MG) and Bruggeman theories, takes into consideration
the dielectric constants and volume fractions of each constituent. Indeed, conventinal EMT is not

specifically designed to shapes other than spherical and spheroidal ones. Bruggeman theory
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assumes that the mixture is composed of two isotropic and homogeneous materials with identical
roles. MG theory has not dealt with structures containing particles dispersed in a non-continuous
and porous medium of another compound. This theory is appropriate for two materials (inclusions
and host) with unsymmetrical roles. The most fundamental approximation in MG theory is that
the size of spherical NPs (inclusions) is much smaller than wavelength of light. Unfortunately, it
neglects the presence of high volume fractions of spherical inclusions with strong coupling effects
[7,8]. The first set of analyses confirmed that EMT theory cannot be successfully used in modelling
the samples. To overcome the difficulty, it is necessary to adopt a model that is fully compliant

with our sample’s conditions.

Modelling was accomplished by using three classical Lorentz oscillators that consider AgNPs and
PMMA film as a one homogeneous layer. Two oscillators are used for AgNPs and the remaining
one for PMMA film. The well-known values of the optical constants of silicon were kept fixed
while proceeding with the modelling. Lorentz model (mentioned in Figure 49) is described by the

Lorentz dispersion equation [5], as stated in equation 9:

W2 f
E(W) = €+ WIXN, i 9)

wg—wH o T
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where fi represents the strength of oscillator; for the i'" oscillator wi is the resonance frequency; I'i
stands for the broadening coefficient; & represents the contribution of the optical transitions at

higher energies; ¢ is the composite effective dielectric function. The i index identifies the number

of optical transitions.

Lorentz oscillator
for PMMA <o ©,

Lorentz oscillator

o
o
for AgNPs S« oo oo

e ' 4 d(PMMA thickness)

Figure 50. Physical model constructed for a thin MNPs/PMMA film formed on a substrate surface.

According to Lorentz dispersion law, the calculations of optical parameters of MNPs/PMMA film
can be expressed as:

& = n?— k? (10)
g = 2nk (12)
n=\/%( 2 +el+ &) (12)

1 ,
k:\/E( e2 +ef — & (13)
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Figure 51. Flowchart of the data analysis procedure in spectroscopic ellipsometry. Adapted from [5].

Fitting the Experimental Measurements & Extraction of Optical Constants

To provide the best fit of pseudo-dielectric functions spectral data, we construct a model with three
classical Lorentz oscillators, two for AgNPs and the other for PMMA film. Such findings are
depicted in Figure 51. The solid and dotted lines show fitted and experimental results respectively.
The pseudo-dielectric function represents a dielectric function obtained directly from the measured
values psi and delta. Figure 52 and 53 shows the variations of the optical constants (€jand &, n and
k) of AgNPs loaded in PMMA holes when changing the concentration of Ag precursor. The

dielectric functions (€i and &) are commonly dependent on the number and structural properties
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of particles on surface, and on the effective index of the whole PMMA layer, respectively. € in

Figure 52 is fully compliant with o spectras (mentioned in Chapter 2).
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Figure 52. Comparison between experimental and fitted pseudo-imaginary and real dielectric functions (g, &) of
AgNPs/PMMA film/c-Si structures at different concentrations of Ag precursor: (a) 10; (b) 20; (c) 30; and (d) 40 mM.
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Figure 54. Refractive index ((@) n) and extinction coefficients ((b) k) of AgNPs/IPMMA layers at different
concentrations.
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Figure 55. Size distribution histograms for the determination of average diameters (D1 and D2) of AgNPs prepared at
different spin-coating speeds: (a,b) 3000; (c,d) 5000; and (e,f) 7000 rpm.
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Figure 56. Size distribution histograms for the determination of average diameters (D1 and D2) of AgNPs prepared
at different concentrations of Ag precursor: (a,b) 10; (c,d) 20; (e,f) 30; and (g,h) 40 mM.

Appendix-C

Characterization techniques

Atomic force microscopy (AFM): AFM measurements were performed using a Park Systems
NX10 (ParkSystems, Orsay, France) operating in tapping mode. Depending on the analyzed
samples, this technique can easily be adapted to suit all requirements. Samples were simply placed
on the XY scanner with high orthogonality, and then imaged by using pre-mounted super sharp
(SSS-NCHR) probes (nanosensors) with a high mechanical Q factor for high sensitivity. The
probes offer unique features, such as: aspect ratio at 200 nm from the tip apex in the order of 4:1,
half-cone angle at 200 nm from apex < 10°, resonant frequency = 330 kHz, spring constant = 42

N/m, and tip radius of curvature <5 nm.

Scanning electron microscopy (SEM): The instrument employed in collecting SEM images was
a HITACHI SU8030 SEMFEG (Carl Zeiss, Oberkochen, Germany), which was manipulated in a
secondary electron imaging mode at an accelerating voltage = 5-15 kV, magnification = 30-250
K, working distance = 8200-9100 pum, and emission current = 7000-15,600 nA. The samples were
coated with a 5 nm Pt/Pd metal layer. Coatings of samples with a conductive Pt/Pd layer were

done to prevent the charging and improve the secondary electron signal.
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Micro-extinction spectra (pext): Measurements were taken using a custom-built BX51 Olympus
optical microscope (LORDIL, Nancy, France). The system was fully integrated with SpectraWiz
(StellerNet, Tampa, FL, USA) software for recording the optical spectra of samples in the Vis
region (400-800 nm). An incident beam from a halogen lamp (size ~ 10 pm) was localized at
normal incidence onto the substrates during all measurements. In this spatial optical technique, the
focal spot of an optical beam is analyzing the reflection from a micrometric zone of NPs. For
opaque substrates, this setup was managed in reflection mode in order to extract the percentage
reflection at pixel n using the current sample, reference (silicon wafer), and dark datasets:

R, = ((sample,, — dark,)/(ref, — dark,)) x 100 (1)
where sample, ref, and dark are respective photon energies.

All spectra were acquired using a 10-x objective in a bright-field mode. The spectra were
thoroughly checked by mapping the surface of samples in different areas. Average data were
acquired for a minimum of 6 regions per sample in order to check their homogeneity and

reproducibility.

Ellipsometric measurements: The change in polarized light upon light reflection on a sample
was measured using a phase-modulated ellipsometer (UVISEL, HORIBA Jobin Yvon SAS,
Longjumeau, France) in the 200-1800 nm spectral range. To ensure a high sensitivity of the
measurements, an incidence angle of 70° was chosen. The spot size of the used light beam was
typically 1000 um?. This setup directly measures the amplitude ratio (¥) and phase difference (A)
angles between p- and s-polarized light. In general, after measurement of absolute values of psi
and delta, construction of an optical model is required for data analysis. From modelling, physical
properties including the optical constants, absorption coefficients, and film thicknesses of samples
can be extracted. Data analysis and modelling were performed using DeltaPsi2 software from
Horiba Scientific.

Surface-enhanced Raman scattering (SERS): For AgNPs samples, SERS measurements were
performed on a Dilor Jobin-Yvon Spex instrument (HORIBA Jobin Yvon SAS, Longjumeau,
France) from Horiba with a 632.8 nm laser and CCD detection. Both excitation and collection
were conducted through a long-distance 50-x. Results were collected on a 10 pL BPE droplet

deposited on AgNPs substrate. The measurements were made after the evaporation of water from
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the drop in order to obtain a higher signal/noise ratio. We used a laser power of 5 mW and an
acquisition time of 5 s. It is noteworthy that it was not possible to obtain the same spectra (peaks)
in the same measurement conditions (time, laser power, pinhole, etc.) for RAMAN and SERS.
Therefore, we increased the concentration of BPE so as to be able to compare between the spectra,
and then to calculate an EF. All Raman analyses were performed with 1072 M of BPE. In order to
get an idea about the reproducibility of the results, five experiments were conducted at different
parts of the same substrate. After the acquisition of several measurements, an average curve was

calculated for each substrate SERS signal at a given BPE concentration.

For bimetallic samples, SERS measurements were carried out using a multi-wavelength Raman
spectrophotometer equipped with a SPEX TRIAX 550 monochromator and a liquid nitrogen
cooled CCD (Spectrum One with CCD 3000 controller, ISA Jobin Yvon — SPEX). For all the
SERS and Raman measurements, the probe molecule 4,4’-bipyridine (4,4’-BP) is detected in a
liquid medium with a droplet volume of 10 pL at different excitation wavelengths (514 and 633
nm). The best procedure for this investigation was to execute rapid spectra acquisitions before the
drying of the drop. The core problem of the drying process is impeding the uniform stacking of
analytes over the substrate surface. This will probably lead to undesirable preferential coatings of
analytes on SERS hotspots regions. The SERS signal was collected during an acquisition time of
1 s via a 20-x magnification objective with a numerical aperture (NA) ~ 0.25. The probed area was
~ 30 pum in diameter and the laser power was 10 mW. An average of at least 3 signals in different
regions on the deposited drop was systematically calculated to compare the SERS intensities of
the different substrates. The concentration of 4,4’-BP detected in Raman and SERS was 107 and
107 M respectively. The same experimental conditions were applied in all the SERS measurements
and for all the analyzed substrates.

Energy dispersive X-ray spectroscopy (EDX): Elemental mapping on the fabricated BNPs was
achieved using a high resolution EDX unit connected to a field emission scanning electron
microscope (SEMFEG, Carl Zeiss) operated with a beam voltage of 5 kV. When the electron beam
is irradiated on the focused NPs region, the elements emit X-rays at characteristic energies, whose

intensity increases in proportion to its concentration in the NPs zone.
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Résume de la these:
Nanostructures bimétalliques Ag/Au auto-assemblées sur une grande surface
pour des plateformes SERS.

Par : Abeer FAHES

Les systemes bimétalliques hybrides, composés de deux nanostructures métalliques, sont
considérés comme une technologie durable en raison de leur capacité a améliorer, rénover et
enrichir les propriétés de leurs composants intégrés. La synthése chimique en solution de
nanoparticules bimétalliques plasmoniques (BNPs) avec différentes morphologies a suscité une
attention considérable et a été la plus utilisée. Cependant, afin de stabiliser ces BNPs a I'échelle
nanométrique, 1’étape de fabrication nécessite 1’utilisation de plusieurs étapes et de plusieurs
composés chimiques tels que les tensioactifs pour contréler I'énergie de surface. Méme si ces BNPs
ont été largement impliquées dans de nombreuses applications, il existe toujours un besoin
d'alternatif d’élaboration a faible co(t, évolutif et applicable directement apres fabrication. Jusqu'a
présent, aucune étude n'a permis la synthése de substrats de BNPs directement en surface avec un

contrdle précis des tailles et des morphologies des nanoparticules.

Afin de remédier a ces problématiques de synthése, nous avons développé dans cette these une
technique reproductible et bien contrblée, appelée séparation de phase induite par la vaporisation
(VIPS) permettant d’auto-assembler des nanoparticules d’or (AuNPs) et d'argent (AgNPs) dans
une fine couche de poly(méthacrylate de méthyle, PMMA). Les substrats de Silicium (dopés N)
utilisés comme support des nanostructures présentent des propriétés multifonctionnelles telles que
réducteurs chimiques du sel métallique, tensioactifs et agents de structuration. Dans le but d'obtenir
les plateformes souhaitées, les parameétres expérimentaux de l'approche synthétique ont été
optimises avec précision. Malgre le fait qu’il est difficile d'étudier mécaniquement le processus de
croissance des NPs car cette approche de synthése implique I’intervention d'un grand nombre de
composants (substrat de Silicium, PMMA, contre-ions, Ag* et Au®*) pouvant coopérer ou entrer
en compétition les uns avec les autres, une étude mécanistique large a été établie. Ceci a éte realisé
a travers des mesures optiques par micro-extinction des substrats obtenus. Des mesures SERS ont

été ensuite effectuées pour évaluer la sensibilité des échantillons en tant que nanocapteurs.
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Enfin, la présente these offre de nouvelles possibilités pour créer des nanomatériaux hybrides de
dimensions et géomeétries controlables sur une grande surface (lab-On-Chip) pour des applications

en detection et particulierement pour le SERS, et pour la photocatalyse.
Le travail de these s'articule autour de trois axes majeurs :

- Le developpement expérimental d'une technique nouvelle de synthese de nanostructures

composites (métalliques/organiques)

- La généralisation de cette méthode de synthese a la préparation d’hétérostructures plasmoniques
tels que Ag@Au ainsi que sur leurs caractérisations structurales et optiques

- L'utilisation de ces nanocomposites dans la détection de molécules organiques par la technique
SERS

La thése est composée de cing chapitres dont les objectifs et modes opératoires sont relativement

différents

Le chapitre 1 est le chapitre introductif du projet entier de la thése et il est divisé en deux parties
principales. La premiére partie a souligné l'importance d'incorporer deux nanoparticules
métalliqgues (MNPs) dans un seul systeme dans plusieurs applications telles que la catalyse, le
SERS, les capteurs a base de plasmons de surface localisés (LSPR) et la conversion
photothermique. Ces multifonctionnalités découlent des effets synergiques qui se produisent entre
les systéemes hybrides, notamment les effets électroniques, les effets bifonctionnels et les effets
d'ensemble. La deuxiéme partie a fourni un apercu général des approches synthétiques
principalement utilisées pour la fabrication de nanostructures bimétalliques avec des
caractéristiques morphologiques bien controlées. La majorité des études citées dans la littérature

reposent sur des protocoles d’élaboration en milieu liquide.

Un procédé de synthése décrit dans ce projet connu sous le nom de VIPS, utilisé pour la fabrication
de nanocubes d'or monodisperses intégrés dans une couche de polymere auto-assemblée en nano-
trous, a été réalisé récemment. Cette approche de synthese simple, rapide et en une seule étape a
montré son efficacité dans le contréle des tailles, des formes des nanoparticules obtenues et des
gaps inter-particulaires. De plus, il n'était pas necessaire d'utiliser un agent réducteur ou un

copolymére a blocs pour induire 1’auto-assemblage ; il n'y avait donc aucune exigence de
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fonctionnalisation de la surface du substrat ou de gravure du film polymere. L'originalité de cette
méthode est liée a la réduction spontanée du précurseur métallique lors du dépét de la dispersion
M*/PMMA sur un substrat conducteur. Plus précisément, dans les chapitres 2, 3 et 4, nous avons
discuté de I'extension du procédé VIPS a une grande variété de sels monométalliques dont 1’ Argent

et aux hétérostructures bimétalliques dont Ag/Au.

Dans le chapitre 2, un récapitulatif des méthodes de synthése des AgNPs par auto-assemblage au
moyen de polymeres, de copolymeéres a blocs et d'acide désoxyribonucléique (DNA) est présenté.
Les inconvénients de ces techniques telles que le manque de reproductibilité et d'uniformité dans
le SERS ont été également discutées. Ainsi, si I'on veut aller plus loin, et utiliser I'auto-assemblage
pour construire des nanomatériaux fonctionnels qui pourraient étre compatibles avec les
applications SERS, il est nécessaire d'augmenter la stabilité et la performance des nanostructures

auto-assemblées.

Ce chapitre décrit ainsi la synthése de nanocomposites Ag/PMMA en grandes quantités sur un
substrat a l'aide de la méthode VIPS déja évoquée pour former des substrats SERS de grande
surface, reproductibles et ultra-sensibles. En utilisant la technique VIPS, un PMMA est auto-
assemblé en couche mince nanoperforée dont les trous sont utilisés comme réacteurs de synthese
de nanoparticules. Ce chapitre a également examiné les différents parameétres expérimentaux
affectant les propriétés structurelles et optiques des AgNPs. Les AgNPs en tant que nanocapteurs,
en particulier, ont été optimiseés en ajustant un certain nombre de facteurs, notamment la

concentration de précurseurs métalliques et la vitesse de dép6t par spin-coating.

La modification de la concentration du précurseur d'Ag a considérablement influencé le résultat
de l'auto-assemblage et par conséquence les propriétés finales des nanoparticules obtenues. En
dessous d'un seuil de concentration critique, une instabilité thermodynamique a géné l'auto-
assemblage en début de procédé a cause d'une agrégation du PMMA. De plus, une vitesse
appropriée a été choisie pour fabriquer une couche de polymere mince et homogéne, et pour
produire une haute sensibilité de réflexion de la lumiere a partir de nanoparticules (NPs), vu qu’on

détecte la réponse optique du substrat en réflexion pour les mesures optiques.
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L'extraction de ces propriétés optiques était necessaire pour ajuster la longueur d'onde d'excitation
Raman afin qu'elle corresponde étroitement a la bande de résonance plasmonique de surface,

condition nécessaire dans les mesures SERS.

Les AgNPs ont été caractérisees optiquement par deux techniques complémentaires: une technique
de micro-extinction directe et une technique ellipsométrique indirecte qui nécessite la construction

d'un modele physique.

Un modeéle physique révélant le PMMA et les AgNPs comme une seule couche homogene est
construit sur la base de trois oscillateurs de Lorentz classiques (un pour le PMMA et deux autres
pour les AgNPs). Selon la loi de dispersion de Lorentz, ce modéle génére des données quantitatives
satisfaisantes (constantes optiques, épaisseurs et coefficients d'absorption) en impliquant une
mesure primaire des angles ellipsométriques expérimentaux bruts (rapport d'amplitude (W) et

différence de phase (A)) suivie d’un montage correct de ces angles.

Par la suite, I” ensemble de données expérimentales et théoriques ont été comparés aux simulations

de Mie pour confirmer les résultats.

La relation entre les dimensions structurelles et les propriétés SERS a été étudiée afin de
développer des nanocapteurs capables de détecter de faibles traces de molécules chimiques et

biologiques.

Dans cette étude, nous avons montré que des rendements élevés d'’AgNPs localisés dans des trous
de PMMA peuvent étre utilisés comme substrats SERS efficaces et robustes pour détecter des
molécules de BPE avec des facteurs d'exaltation (EF) élevés en comparaison avec les valeurs
détéctées dans la littérature pour la BPE. Les propriétés hydrophobes du PMMA, qui fournissent
un mécanisme d'adsorption sélective des molécules de BPE sur les AgNPs, ainsi que des densités
élevées des substrats en AgNPs et une différence minime entre les longueurs d'onde LSPR et

Raman, sont a I’origine de la sensibilité élevée de ces substrats en SERS.

Les systemes bimétalliques ont été efficaces pour rénover et enrichir les propriétés de leurs
composants intégrés. L'approche VIPS se préterait bien a une utilisation dans la synthese de BNPs
Ag/Au de morphologies variables. Pour cette raison, les chapitres 3 et 4 ont été consacrés au
développement de 1I’approche VIPS pour 1’étendre aux nanomatériaux bimétalliques.
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Le chapitre 3 nous a permis d’établir une étude mécanistique de la nucléation et la croissance des
systemes Ag/Au. Précisément, 1’adsorption sélective des AgNPs sur des sites spécifiques des
graines d'Au conduisait & des modes de croissance hautement anisotropes médiée par 1’énergie de
surface de ces graines. Le résultat était des NPS Ag/Au de morphologies différentes telles que les

hétérostructures et les architectures coeur/coque.

Dans le chapitre 4, cette approche a également été utilisée mais pour fabriquer d’autres types de
morphologies de BNPs comme les hétéro-oligomeres via un mode de croissance par étapes et un

processus d'attachement orienté (OAP).

Pour conclure sur les chapitres 3 et 4, I’élaboration des BNPs via la méthode VIPS a montré un
changement principal du mécanisme de croissance de ces nanoparticules en comparaison avec les
monométalliques. Notamment, le dépot d’une couche de PMMA dopée en Au®* sur une autre
dopée en Ag" induit un changement radical de 1’auto-assemblage du PMMA de la seconde couche.
Par conséquence le mécanisme derriere la formation des BNPs est complétement différent par aux
études précédentes faites sur la synthese des nanométaux par VIPS. De plus, nous avons présenté
les différentes techniques de caractérisation utilisées tout au long de ces études qui ont aidé de
maniére complémentaire a comprendre la composition chimique, les propriétés structurelles, les
propriétés optiques et leur sensibilité en SERS. Il s'agit notamment de I'EDX, du SEM et de la

spectroscopie pext.

Nous avons également étudié I’influence des conditions expérimentales telles que la vitesse de
spin-coating, les concentrations de précurseurs Ag et Au et les rapports molaires Ag/Au sur les
propriétés structurelles, optiques et SERS des nanostructures bimétalliques. Le bon rapport
(Rag/au) entre les deux meétaux a joue un role clé dans la croissance des nanostructures
bimétalliques pour limiter la séparation des phases monométalliques et permettre le contrdle de la

composition finale d’un substrat.

La compréhension fondamentale limitée des BNPs sur les surfaces rend encore difficile la
compréhension du mecanisme exact qui provoque les interactions hybrides sur les surfaces malgré
les progrés dans ce domaine. Pour cette raison, des efforts ont été consacrés a comprendre le réle
de chaque constituant dans le processus de formation des nanostructures en surface. Le travail tout

au long des chapitres a tourné autour de l'investigation des mécanismes sous-jacents de la
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formation des BNP via une étude thermodynamique/physico-chimique et une étude meécanistique

en temps réel.

Les cristaux d’Au formés pendant la synthése ont agi de deux maniéres en tant qu'agent de
réduction chimique de I'Ag* et qui conduit a la formation de BNP, et en tant qu'agent directeur

servant a fournir des sites privilégiés pour la croissance des atomes d'Ag.

Les ions Ag™ ont agi comme agents de contréle de la forme finale des BNP ; en raison d’un dépot
sous-potentiel (UPD), qui est responsable de la stabilisation des différentes facettes
cristallographiques des AuNPs. En évaluant ces capteurs a différentes longueurs d'onde
d'excitation Raman, nous avons ensuite demontré que les substrats bimétalliques pouvaient servir

de substrat actif SERS dans un large domaine spectral.

Le chapitre 5 résume les principales conclusions tirées des quatre chapitres précédents et envisage
les possibilités (perspectives) futures de ce travail. En résumé, il existe encore de nombreuses
opportunités dans le développement de diverses nanostructures bimétalliques avec dépot sélectif
de nanomatériaux spécifiques (inorganiques/organiques) sur des NP plasmoniques et I'exploration
de leurs applications. La technique de synthése qui consiste en une combinaise VIPS/SMG et la
comprehension  approfondie des mécanismes de croissance et d'amélioration des
performances/propriétés de ces nanostructures étendront considérablement leurs applications dans

la détection bio-chimique, la biomédecine et la photocatalyse plasmonique.
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