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Abstract

ABSTRACT

The utilization of gold and silver plasmonic nanostructures has recently emerged as a
booming field of research due to their fascinating optical properties attributable to a
unique phenomenon known as localized surface plasmon resonance (LSPR). LSPR is
defined as the confinement of a surface plasmon in a nanoparticle of size comparable to
or smaller than the wavelength of light used to excite the plasmon. After being resonantly
excited by the light, the LSP produces a strong electric field that is localized near the
metal surfaces. During both the excitation and decay processes of LSP, the electron-hole
pairs, the strong electric field, and the heat generated can serve as potential excitation
sources for the molecules present in proximity to the metal nanoparticles. LSPR can be
tuned by altering the shape and size of plasmonic nanostructures. As a result, the optical
properties of these materials can be tailored to accomplish the requirements of a
particular application. Tuning plasmon resonance can be achieved with remarkable
precision by manipulating the shape of metal nanoparticles. By changing the size of
nanoparticle, surface plasmon resonances in spheres can be tuned over a narrow
wavelength range (a few tens of nm), but shape anisotropy adds an additional level of
flexibility for tuning these wavelengths over a wide range. Due to their one-of-a-kind
optical properties, plasmonic nanoparticles have the potential to be utilized in a wide
range of areas, including biosensing, SERS, photocatalysis, photothermal therapy, and
many others. When two or more distinct types of plasmonic metal nanostructures are
combined, they have the potential to produce extraordinary plasmonic capabilities. The
integration of two or three different components within the same nanostructure not
just adds up the properties of the individual components but also imparts novel properties
upon the hybrid nanostructure as a result of the synergistic effect. Enhanced reactivity,
product selectivity, and optical sensitivity are all benefits that come from utilizing hybrid
plasmonic core-shell type integrated nanostructures. These capabilities make them an
attractive candidate for several applications. DNA origami has emerged as a reliable
technique for the assembly of a wide variety of nanostructures, allowing for precise
control over the position of nanoparticles. Compared to top-down lithographic methods,

such assembly methods are simple and cost-effective. This means that nanostructures
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templated on DNA origami can be used for a wide range of purposes, from sensing to

optical applications.

In line with the background information provided above, the first part of the thesis
consists of an interfacial designing procedure for the fabrication of a class of bimetallic
hybrid nanomaterials as a profoundly active photocatalyst for the conversion of para-
aminothiophenol (PATP) into 4,4'-dimercaptoazobenzene (DMAB). To accomplish this
goal, core-shell nanostars composed of gold (core) and silver (shell) (Au/Ag NSs) have
been synthesized which served as both a surface-enhanced Raman scattering substrate
and a plasmon driven catalyst when subjected to laser excitation at a wavelength of 532
nm. The surface-enhanced Raman scattering (SERS) efficiency of PATP is shown to be
exceptionally high by Au/Ag NSs with sharp tips. Using the SERS technique, we were
able to determine that PATP undergoes a rapid transformation into its dimerized product
DMAB within a few seconds as a result of a surface photochemical reaction occurring in
the Au-Ag heterojunction of core-shell nanostars. Au/Ag NSs with multiple sharp tips
exhibit intense LSPR, and these tips also create exceptionally strong electric fields, which
enable the generation of hot electrons that are responsible for the rapid conversion
reaction. These interfacial bimetallic nanostars could have potential applications in
SERS, biosensing, and photoinduced surface catalysis when they were designed and

constructed adequately.

In the following chapter of the thesis, core-shell nanostructures of silicon oxide@noble
metal were synthesized and utilized for enhanced SERS and photothermal effect. These
core-shell nanostructures have piqued a lot of researchers' interest due to their unique
properties, as well as their low toxicity and remarkable biocompatibility. Plasmonic
nanoparticles are being used as a SERS based detection of pollutants and photothermal
(PT) agents in cancer therapy. This is possible due to the unique property of localized
surface plasmon resonance (LSPR), which plasmonic nanoparticles possess. The
synthesis of multifunctional silica core - Au nanostars shell (SiO,@Au NSs)
nanostructures using surfactant free aqueous phase method is presented and demonstrated
in this chapter. Using Rhodamine B (RhB) dye as a Raman probe, the SERS performance

of the as-synthesized anisotropic core-shell NSs was evaluated, and the results showed a
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significant enhancement factor of 1.37 x 10°. In addition, SiO,@Au NSs were utilized in
the process of PT killing of breast cancer cells, and these nanoparticles demonstrated a
concentration-dependent increase in the intensity of the photothermal effect. The
incredible photothermal conversion efficiency of up to 72% has been displayed by the
SiIO2@Au NSs, which sets a new benchmark. As an outcome, our synthesized NIR active
SiO,@Au nanostructures are of pivotal significance to have their dual applications in
SERS enhancement and PT effect.

Apart from the metal core-metal shell nanostructures and dielectric core-metal shell
nanostructures described earlier, the next chapter of the thesis presents nanostructures of
the metal core-semiconductor shell type. Due to their enhanced plasmonic fields of
plasmonic metal nanoparticles, metal-semiconductor core-shell nanostructures have
recently been investigated for their potential to facilitate efficient photocatalytic water
splitting. Therefore, we have developed a new type of nanostructure of Au nanostar core
ZnO nanopetals composite (Au@ZnO). The as-synthesized Au@ZnO nanocomposites
(NCs) were characterized utilizing different spectroscopic and microscopic techniques.
Powder X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) studies
clearly confirm the formation of highly crystalline Au/ZnO composite structure. The
transmission electron microscopy (TEM) images clearly show that Au is present in the
core and ZnO in the surrounding. The fabricated Au@ZnO NCs were used as a catalyst
for photocatalytic water splitting. Au@ZnO NCs exhibited hydrogen and oxygen
evolution up to 518.36 and 177.86 pumol g *, respectively. The observed enhanced
photocatalytic activity of Au-ZnO NCs is associated with the efficient suppression of the
recombination of photogenerated charge carriers in ZnO due to the strong electron
scavenging activity of Au nanoparticles combined with the improved sun light utilization
capability of Au@ZnO NCs coming from the plasmonic response of Au core surrounded

with ZnO nanostructures.

In addition to the applications of plasmonic metal nanoparticles based on LSPR that were
mentioned earlier, the last part of the thesis covers another unusual application of noble
metal nanostructures which is to act as electrocatalyst for Oxygen Evolution Reaction

(OER). The kinetically slow anodic OER is a cause for concern when considering the
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feasibility of large-scale hydrogen synthesis from electrochemical water splitting as a
means of producing clean energy that can replace fossil fuels. Hence, the development of
highly active electrocatalysts is of immense interest for improving the efficiency of gas
evolution. In this chapter, we present the design of a monomer structure of Ag-coated Au
nanostars (core-shell-type Au@Ag nanostars) assembled on rectangular DNA origami
and investigate their electrocatalytic activities through OER. Our designed DNA origami-
templated bimetallic nanostar catalyst showed excellent OER activity and high stability
without using any external binder and exhibited a current density of 10 mA cm 2 at a low
overpotential of 266 mV, which was smaller than those of ss-DNA-functionalized
Au@Ag nanostars and DNA origami templated pure Au nanostars. Our results reveal that
DNA origami-assembled core—shell Au@Ag nanostars show better electrocatalytic
performance as compared to pure-core Au nanostars immobilized on DNA origami,
owing to the presence of a highly conductive Ag layer. Such controlled assembly of
bimetallic nanostructures on a DNA origami template can provide additional
electrochemical surface area and a higher density of active sites resulting in enhanced

electrocatalysis.

The research presented in this thesis is part of an ongoing effort to create new plasmonic
hybrid nanomaterials with promising photocatalytic, energy, and medical applications. A
discussion of potential follow-up studies is included in the investigation as well.
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Introduction

1.1. Plasmonic nanomaterials

Plasmonic nanomaterials are a class of materials that exhibit distinctive optical
properties as a result of the collective oscillation of free electrons at their surface, which
is known as plasmons. There are many different kinds of plasmonic nanomaterials
available,™ % in addition to the noble metals. Such nanomaterials provide a broad range
of options which can be developed in fusion with numerous different components based
on the objective of an implementation and cost efficacy.® * Semiconductors, in general,
exhibit resonance which is redshifted in comparison to the visible and near-
infrared range of the majority of metallic nanomaterials. As a result, semiconductor
nanoparticles with a small size (<10 nm), such as quantum dots, can indeed be utilized
in biomedical applications. On the other hand, noble metal nanoparticles, particularly
gold and silver, provide the strongest resonance intensity, which makes on-resonance
applications easier to implement. Hence, plasmonic nanomaterials typically consist of
noble metals, and their sizes range anywhere from one to one hundred nanometers (nm).
As a result of the localized surface plasmon resonance (LSPR)® of the free electrons that
are located at their surface, they possess unusual optical properties. When the size of the
particles is nearly equivalent to the the incident light's wavelength, this interaction
affects the absorption and scattering of light, and consequently, the color of the
particle.® This had already widely recognized experimentally between old Roman glass
makers because they had been utilizing silver and gold in the glass production
which resulted in diversely colored glasses based on the path the of light, and the most
well documented case of Lycurgus cup.” However, in 1857, Faraday conducted an
experiment that led to the development of the first scientific method for determining the
color of small metallic particles. He demonstrated that gold colloids have a color similar
to ruby,® and Mie subsequently provided a theoretical explanation for this observation.®
Since that time, a large number of studies have been conducted to investigate the optical
properties of fine metallic particles, and a growing number of possible applications that
make use of these particles have come into existence. Plasmonic nanomaterials have
superior performance to that of conventional nanomaterials. All such plasmonic noble
metal nanoparticles have considerable benefits thanks to their high absorption

and scattering cross sections, potent field enhancement, and straightforward formation
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of a variety of distinct morphologies that can be reproduced. Modifications in the size
and shape of the plasmonic metal nanoparticles produce resonance bands that range
from the visible to the infrared regions. Hence, nanostructured materials' plasmonic
behavior has led to extensive research into their applications in areas as diverse as

catalysis™, energy harvesting,'* and biomedical field."?
1.2. Metal nanoparticles

Owing to their particle size, metallic nanoparticles have captivated attention of
scientists for over an era in the field of material science. Synthesis methods of metal
nanoparticles are currently being explored by researchers due to their
remarkable properties and their application in physics, chemistry, biology, medicine,
photocatalysis, optoelectronics, biosensing, and sensor technology.***" Various kinds of
metallic nanoparticles and their variants have received considerable interest. This
includes gold (Au), silver (Ag), copper (Cu), nickel (Ni), iron (Fe), platinum (Pt), and
zinc (Zn) metal nanoparticles which own different applications in various fields. Iron
oxide nanoparticles have been studied for biomedical applications like contrast-
enhancing agents in MRI, hyperthermia, drug delivery, early cancer detection, and
diabetes due to their magnetic and biocompatible properties.’® Zinc oxide nanoparticles
are also known to have utilizations as biosensors,™ drug delivery,” bio imaging,** food
packaging material,?* and solar photocatalyst*® because they are less expensive, and
non-toxic. Implementations of Cu and Cu-based nanoparticle in the field of
electrocatalysis, photocatalysis, gas phase catalysis, and organic conversion reactions
have sparked a lot of interest which are based on the low-cost and high abundance of
copper metal.?* In the last two decades, Au and Ag nanoparticles are also been

25
l,

extensively employed for biomedical,?® photocatalytic applications,?® and chemical

analysis®” owing to their unique optical properties.
1.3. Optical properties of plasmonic metal nanoparticles

Optical property is one of the most basic and significant characteristic of metal
nanoparticles. For example, at nanoscale Ag nanoparticles show yellowish gray color,

Pt and palladium (Pd) nanoparticles display black color. The most striking example is of
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Au nanoparticles which are able to show a range of orange to red colors depending on
the size (Figure 1.1).

Ry ]

30 nrﬁ 40 nm 50 nm 60 nm 70 nm 80 nm 90 nm|}

| N

Figure 1.1. Photograph showing the colors of Au nanoparticles for different particle

sizes in aqueous solution (Reprinted with permission from ref.?®, 2007 American

Chemical Society).

Mie, in his work in 1908, mathematically explained the intense red color of Au
nanoparticles by solving maxwell equations for absorption and scattering spectra for
spherical metallic nanoparticles.” He was able to demonstrate the changeable color of
Au colloids as the size of the Au spheres increased, which was afterward defined in
terms of surface plasmon resonances. According to this captivating theory by Mie, size,
shape of metal nanoparticles, and surrounding environment around metal nanoparticles
have a significant effect on the color of colloidal solution of metal nanoparticles
resulting in unique optical properties of metal nanoparticles. The distinct colors of metal
nanoparticles are caused by surface plasmon resonance, which is prompted by
collaborative oscillations of free electrons on the surface of metal nanoparticles when
exposed to resonant light. The exitance of surface plasmon resonance is demonstrated
by R. H. Ritchie for the first time in 1957.%

1.3.1. The emergence of surface plasmon resonance

Metals have free electrons on their surfaces which move throughout the material,
especially d electrons in case of Au and Ag. Collective oscillations of these free
electrons are known as plasmons.® When the size of metal nanoparticles (mainly noble
metals) is less than the wavelength (d < < A) of incident light on surface of metal

nanoparticle, the electric field of incident light can pass through the metal and as a
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result polarization of conduction electrons of metal take place. These electron
oscillations are not propagating, rather these are distributed in the metal nanoparticle
volume only provided the metal nanoparticles are smaller than the wavelength of
incident light. These non-propagating electron oscillations are known as localized
surface plasmon resonance (LSPR) as shown in Figure 1.2. When the resonance takes
place between the oscillation frequency of conduction electrons and electric field of

incident light, then this gives rise to the intense absorption band in UV-vis region.*

Electron cloud

l‘ll <

Metal sphere

Electric field

Figure 1.2. Schematic depiction of localised surface plasmon oscillation for a sphere
metal nanoparticle, showing the displacement of the conduction electrons cloud relative

to the nuclei.

For Au and Ag nanoparticles, the value of LSPR is at ~ 520 nm and ~ 420 nm
respectively which are responsible for vivid colors (ruby red for Au nanoparticles and

yellow grey for Ag nanoparticles) of noble metal nanoparticles (Figure 1.3).

1.0} 420 nm 520 NM === Au nanoparticles

= Ag nanoparticles
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Figure 1.3. Normalized UV-vis extinction spectra of Au nanoparticles (blue curve), and

Ag nanoparticles (red curve).
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The SPR is estimated utilizing scattering and absorption spectroscopy and is affected by
multiple factors such as size, shape of metal nanoparticles, their electron densities, and

dielectric constant of the material of metal nanoparticle, and the dielectric constant of

the surrounding environment of metal nanoparticle.*" *

The quasi-steady expression of the extinction coefficient oz, (sum of absorption and

scattering) for spherical metal nanoparticles is given by Mie’s theory (Equation 1.1).%*

33 3
187INV£T,{2 « g’

O-Ext = 2

(e'+xem)?2 + g2

Equation 1.1
Where N is number of particles in volume V, and XA is wavelength of incident light
which is absorbed, ey, is dielectric constant of non-absorbing surrounding medium of
whose imaginary part is equal to zero, €’ and &’ are the real and imaginary part of
dielectric constant of material of which the metal nanoparticle is formed, y is the form
factor which depends on the shape of spheroid, ranging from 2 for a sphere to 17 for a

spheroid with an aspect ratio of 5:1.%

gw) = &'lw) + ie"(w) Equation 1.2

€ 1s a complex dielectric function which depends upon the angular frequency(w) of

incident light (Equation 1.2).

Any metal's plasmonic properties are defined by its &(w). The value of gz, IS maximum
for spherical metal nanoparticles when the Equation 1.3 holds. (y = 2 for spherical metal

nanoparticles)
g'(w) = —xem Equation 1.3

The Equation 1.3 is known as Frohlich condition at which the LSPR occurs. This occurs

in visible range of electromagnetic spectrum for Au and Ag nanoparticles.

When magnitude of dielectric constant of surrounding medium increases, the red shift
in LSPR position takes place owing to the accumulation of polarization charges at the
interface, resulting in the weakening of total restoring force. Hence, it is clear that

LSPR frequency is highly tunable with variation in the gn, of surrounding medium. Mie
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theory was employed to deduce the optical properties of spherical nanoparticles and was
afterward widened to Gans theory® and Maxwell-Garnett equations to explore other
shapes and core-shell nanostructures.®® Nanoparticle geometry affects the LSPR's
restoring force because of charge accumulation on the surface of the particle. Gans
modification of Mie theory predicted the splitting of plasmon resonance for non-

spherical geometry.*®
1.3.2. Effect of size, shape, and surrounding environment on optical properties

The SPR is immensely susceptible to variations in nanoparticle shape or size. With
change in size or shape of nanoparticle, the surface geometry varies which tends to
cause a change in electric field density on the surface. Hence, the oscillation frequency
of surface electrons is changed resulting different cross sections for the optical
properties inclusive of absorption and scattering.” This gives rise to different positions
of SPR. For particle sizes smaller than about 20 nm, it is well known that the bandwidth
is inversely proportional to the radius r of the particle. For large size nanoparticles
usually > 25 nm for Au nanoparticles, the extinction coefficient clearly tends to depend
on the size of nanoparticle as the wavelength of incident light approaches the
nanoparticle dimension. When the size of Au nanoparticles is comparable to the
wavelength of incident light, then the distribution of the electric field along the particle
is generally uniform, polarisation of electron cloud is coherent in all points of the metal,
and dipolar plasmon resonance oscillations are excited. In contrast, when the size of the
Au NP is nearly equivalent to or larger than the wavelength of interacting light, the
electric field distribution on the surface of particle is non-uniform, polarisation
of electron cloud is no longer congruent at each point of the metal, and hence results in
excitations of multi-polar plasmon oscillations.®® These type of size effects are known
as extrinsic size effects which appear in the absorption spectrum of as broadening and
red shift of SPR with increasing the size of Au nanoparticles. This is fully expressed by
the Mie’s theory. Generally, the expanding of the plasmon band is attributed to
retardation effects.® The size variations in spherical Au nanoparticles allow for the

attuning of SPR wavelengths (Aspr) above 60 nm by different particle sizes between 10
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and 100 nm* and this can be explained by the equation 1.4, where d., is average

diameter of paricles.*°
Aspr = 382.6 + 1.18d,, Equation 1.4

The Figure 1.4 shows the red shifted positions of SPR for spherical Au nanoparticles

with the increase in size.

1.2'5

— 30nm
d0nm

1.0 4 T opmn

Normalized Abs.

Figure 1.4. Normalized UV-Vis Absorption spectra of spherical Au nanoparticles of
different size range from 30 nm to 100 nm. (Adapted with permission from ref.?¢, 2007

American Chemical Society).

Improvements in the synthesis and characterization of plasmonic nanostructures
have enabled the recognition of nanoparticles with a wide range of shapes, which would
include nanoshells, nanowires, nanocubes, nanostars, nanoprisms, nanopyramids,
nanotriangles, and nanocones.** ** The shape of the metal nanoparticle has a significant
influence on the SPR band. By reduction in geometry of nanoparticle, the position and
intensity of plasmon band can be tuned over arrange of wavelengths in UV-Vis-NIR
regions. The new plasmon band/bands originate by changing the shape have common
feature that they are positioned at lower frequency/energy or higher wavelength than the
corresponding sphere. For illustration, spherical Au nanoparticles with sizes ranging
from 2 to 50 nm exhibit just one plasmon band centring around 520 nm, whereas two
different plasmon bands appear when the nanoparticle symmetry is altered from

spherical Au nanoparticles to Au nanorods.** ** The SPR band for Au nanorods or
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nanowires divided into two plasmon bands, depending upon the oscillations of free
electrons in diverse directions.** * The SPR band at higher wavelength as compared to
its equivalent spherical is originated due the oscillations of free electron along the long
axis which is known as Longitudinal SPR and the other band at lower wavelength is due
the free electron oscillations perpendicular to long axis known as Transverse SPR
(Figure 1.5a).

(a)

Election cloud

Elect\[on cloud

Metal nanorod

Metal

Electric field Electric field o Banorod
Transverse surface plasmon Longitudinal surface plasmon
resonance (TSPR) resonance (LSPR)
() (©)
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Figure 1.5. (a) Schematic depiction of SPR excitation for Au nanorods along and
perpendicular to long axis (Adapted with permission from ref.®, 2014 Elsevier), (b)
Normalized extinction spectra of Au nanoroads with different aspect ratios, and (c)
corresponding digital image of Au nanorods. (b and ¢ are reprinted with permission

from ref.*”, 2010 Elsevier).

The Transverse SPR mode is positioned nearly at 520 nm likewise for spherical Au
nanoparticles. Meanwhile the Longitudinal SPR at longer wavelength is very
susceptible to the change in aspect ratio of the nanorod. The aspect ratio is described as

the ratio of the nanorod length to its width. The Longitudinal SPR can be relocated from
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the visible to the NIR range by increasing the aspect ratio of the nanorod while retaining
the transverse SPR position at 510-520 nm (Figure 1.5 b and c).***°

The wavelength of longitudinal SPR is linearly related with the dielectric constant of

medium (em) and the aspect ratio (AR) of nanorods® (Equation 1.5).

A spr = (33.34AR —46.31)¢,, +472.31 Equation 1.5

Even for a monodisperse sample of rods, the aspect ratio does not distinctively decide
the extinction spectrum (absorption + scattering) of a nanorod as it depends upon the &pn,.
It must be highlighted once again that a repositioning of plasmon band occurs
by approximately 150 nm when the dielectric function of medium is increased by just
one. The extinction spectra or optical properties of cylinders with hemi-spherical, hemi-

ellipsoidal, or flat ends and ellipsoids are incredibly unique.

Apart from the Au nanospheres and nanorods, the optical properties can be tuned by
other structural modifications to more complex structures such as Au nanostars and Au
nanoshells. The response to incident light of these complex nanostructures can be
understood in terms of hybridization of plasmons of complex shaped metal
nanostructures. The optical properties of Au nanostars are extremely sensitive to the
size and length of tips. The Au nanostar exhibit the plasmon band which is the
hybridization of plasmons of core and the those existing in the tips of a nanostar.*
Figure 1.6a shows that when the hybridization takes place between the plasmon of core
and tips of a nanostar and splitting of resonances takes place between bonding plasmons
of lower energy and antibonding plasmons of higher energy. The lower energy bonding
plasmons are mostly comprised of tip plasmons, with a small participation from core
plasmons. This hybridization of tip and core plasmon modes results in significantly
increased bonding plasmon excitation cross-sections, resulting in extremely intense
nearby electric field enhancements across sharp corners, edges, or tips. Because of
this high extinction cross-section of such sharp nanostructures, the interaction of
resonant light with metal nanostars is immensely fascinating.”* Even though the main
body of a metal nanostructure is important in providing electrons to tips that amplify the

electric field, the tips play a significant role in the main plasmonic features of these
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sharp nanostructures.®® ** The localized surface plasmon resonance resonances of Au

nanostars are highly tunable (Figure 1.6 b and c) and can be red shifted as the tip length

increases, thus generating intense local electric field at sharp tips.>* >°
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Figure 1.6. (a) Diagrammatic depiction of the concept of plasmon hybridization of core
and tip plasmons in the nanostar (Permission to reprint from ref.*°, 2007 American
Chemical Society), (b) Normalized UV-Vis-NIR spectra of different sized Au nanostars
having different positions of LSPRs, and (c) corresponding digital image of Au
nanostars. (b and c are reprinted with permission from ref.>>, 2018 American Chemical

Society).
1.3.3. Optical properties of plasmonic metal nanoshells

Aside from shape and size, the optical properties of metal nanostructures are strongly

influenced by the design of nanostructure. Metal nanoshells are a novel type of

12



Introduction

nanoparticle with highly variable optical properties. Metal nanoshells can be comprised
of dielectric core, magnetic core or metallic core.®® > When the metal nanoshell has
dielectric core then a new type of composite nanostructure is formed, with immensely
observable optical properties. The optical properties of these such core- shell
nanostructures are highly predictable based on relative thickness of the dielectric core
and metallic shell in the nanostructure. By adjusting the core-shell thickness ratio, one
can have complete control over the SPR position of these types of nanostructures, which
can then be tuned to suit the application. As a result, the position of the plasmon band

can be tuned from UV-Vis to NIR region of electromagnetic spectrum (Figure 1.7).
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Figure 1.7. UV-Vis-NIR spectra of metal nanoshells (silica core, Au shell) calculated
theoretically over a range of core radius/shell thickness ratios (Reprinted with

permission from refe.®®, 1998 Elsevier).

As the ratio of core to shell thickness is changed from 3 to 12, the plasmon band can be
positioned across a range of wavelengths from UV-Vis to NIR region. As a result, a few
nanometer variations in shell thickness can result in the exceptional optical properties of
metal shells. However, this is not observed in the upside-down nanostructure, which
consists of a metal core and a dielectric shell.?® So, there is something about the metallic
shell morphology that inevitably leads to this unique property. This can be explained
based on the concept of “hybridization of plasmons” as discussed by Halas and the
group.®® ®® Nanoshell can be expressed as a combination of sphere and cavity (Figure

1.8). So, the plasmons of the sphere and the cavity interact with each other and this
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plasmon hybridization gives rise to the low energy bonding and high energy
antibonding plasmon modes. Only the low energy bonding plasmon mode interreacts
with the incident light. The degree of interaction among cavity and sphere plasmons is
greatly impacted by metal shell thickness (Figure 1.8c).
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Figure 1.8. (a) Diagrammatic illustration of a nanoshell as the fusion of a sphere and a
cavity, (b) An energy-level diagram of hybridization of sphere and cavity plasmons
resulting in antibonding (w+) and bonding (w.) plasmon modes, and (c) energy level
diagram for the effect of shell thickness on the plasmon interaction (Adapted with

permission from ref.%®, 2005 Springer Nature).
1.3.4. Optical properties of plasmonic bimetallic core-shell nanoparticles

Bimetallic nanopatrticles, in which two different kinds of materials are incorporated,
have very distinctive characteristics. These unique features are significantly different
from the corresponding individual components. The combination of two discrete
materials results in the improvement in properties such as enhanced optical and

61, 62

magnetic properties, enhanced catalytic properties.”® Such outstanding properties

result from the bimetallic structure's electronic and architectural effects.®* Because these
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features are highly influenced by the structure, morphology, and composition of the
bimetallic nanostructures, designing these nanoparticles with precise control
over structures, morphologies, and combinations is a useful goal.®® It has been
illustrated that the optical properties of bimetallic Au-Ag core-shell nanoparticles can
be effortlessly tailored by modifying the ratio of Ag to Au.®® ®” The plasmon band of
spherical Au-Ag core-shell lies in between that of the physical mixture of Au
nanospheres and Ag nanospheres (Figure 1.9). As a result, depending upon the
application, control over the SPR band can be achieved by playing with the thickness of
shell.®® Such control over optical properties makes Au/Ag core-shell nanoparticles of
significant importance in catalytic applications,® photocatalysis® and electrochemical

reactions.® "
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Figure 1.9. UV-visible extinction spectra of a physical mixture of the same amount of
Ag nanoparticles and Au nanoparticles, and spherical core-shell Au-Ag bimetallic

nanoparticles (Reprinted with permission from ref.®®, 2008 Royal Society of Chemistry).

1.3.5. Optical properties of hybrid plasmonic metal-semiconductor core-shell

nanostructures

The hybrid nanostructures consisting of metal as a core and semiconductor as a shell are
a significant category of nanocomposite frameworks that could possess a fusion of
characteristics from the participant parts and provide improved tunability of properties.

Even new synergistic properties emerge predominantly from interactions between both

15



Introduction

the widely divergent components i.e., noble metal and semiconductor.”” Optical
properties are highly dependent on the surrounding material of the metal nanoparticle.”
As a result, shell components with a higher refractive index induce a relatively large
red-shift as compared to pure metal nanoparticle parts and widening of SPR band

position (Figure 1.10)."* "

472 nm —Ag
Ag@SnO,

Intensity (a. u.)

300 400 500 600 700 800

Wavelength (nm)
Figure 1.10. UV-vis spectra of Ag and Ag@SnO, metal semiconductor core shell

nanoparticles (Adapted with permission from ref.”, 2015 Royal Society of Chemistry).
1.4. Interaction of light with plasmonic metal nanoparticles

When plasmonic metal nanoparticles interact with light, resonant conditions lead to the
generation of LSPR which may undergo decay either in radiative or non-radiative
way.*® " In radiative decay, the LSPR relaxes to re-radiate the light in close vicinity of
metal nanoparticle or the plasmonic metal nanoparticles behave as a secondary source
of light to promote nearby electric fields. Hence, strong electric fields are generated in
surroundings of metal nanoparticles in radiative decay of LSPR. In non- radiative
decay, and hot electron hole pairs are generated on relaxation of LSPR in plasmonic
nanoparticles which can be transferred to the molecule (chemical molecule or
semiconductor) present in close contact of metal nanoparticle. In this relaxation process,
the metal nanoparticles act as a photo sensitizer and the process of hot electron transfer
to nearby molecule is known as photosensitization. When spectral overlap exists
between the LSPR of plasmonic metal nanoparticle and absorption of nearby
semiconductor, the process is known as plasmon induced resonant energy transfer

(PIRET) or plasmon resonant energy transfer (PRET). Thus, four mechanisms take
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place in plasmonic enhancements in which electromagnetic fields and light scattering
are classified as radiative effects, and the other two mechanisms, hot electron transfer
and plasmon resonant energy transfer, are considered as non-radiative effects (Figure
1.11).

(a) Far-Field Scattering (b) Near-Field Coupling
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Figure 1.11. A diagrammatic representation of the mechanisms of plasmon
enhancement, radiative effects: (a) far-field scattering, and (b) near-field coupling, and
non-radiative effects: (c) hot electron transfer, and (d) plasmon induced resonant
energy transfer (Adapted with permission from ref.”® |, 2016 Royal Society of

Chemistry).
1.4.1. Radiative plasmon decay

The radiative decay of excited LSP either results in the generation of electromagnetic
fields in the "near-field" of the nanostructures or in the scattering of light in the "far-
field* of the nanostructures. Hence, during the radiative decay the plasmonic
nanoparticles act as an additional source of light. In far field scattering, when light hits
metal nanostructures with a high enough albedo, it gets scattered into the far field of
nanostructure. The scattering cross section can be up to an order of magnitude higher

than the nanostructure's physical cross-section, depending on the particle's geometry
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and material properties.”” Light scattered in the far field can be reabsorbed by the
sensitizer molecule or semiconductor, allowing for greater absorption of light by
the molecules present at distances of many hundreds of nanometres. In this far field
scattering, scattered photons from individual nanoparticles can interact with multiple
scattering from nearby nanoparticles, resulting in an increase in the total amount of
trapped light thus enhancing the light harvasting.”” The ability of metal nanostructures
to scatter light is directly related to their size as described by Mie theory.” The
scattering cross-section of a metal nanosphere with radius (a) is given by following

Equation 1.6.
2

8 k*a® Emetal~ Emediun
3

o =
scat
Emetal ~2&medium

Equation 1.6

Where, k is 2n/A, and €metar and emeqium are the permittivity of metal and surrounding
medium, respectively. The scattering cross section increases proportionally with the size
of the metal nanoparticle. In order to maximize light harvesting, the size of nanoparticle
can be altered to attain the ideal scattering properties. Size is not the only factor in
determining how much light a metal nanostructure scatters in the far field; the

nanostructure's shape, attributable to its augmented polarizability, also plays a role. &

8. Nanostructures with pointed corners and tips, which include nanostars,
nanopyramids, nanorods, nanocubes, and patterned concentric nanostructures, in which
polarizability is improved at the metal-dielectric junction of each layer, are particularly
susceptible to the influence of polarizability. In addition, the composition of
nanostructures affects the light scattering properties, with Ag having stronger radiative

properties than Au.

The term "near-fields" refers to the enhanced electromagnetic fields in close proximity
to a nanostructure as a result of the interaction of incident light with plasmonic
nanostructures. Plasmonic metal nanostructures serve as nano - size light concentrators
by focusing the incident light on surface of nanostructure within a narrow volume.
These fields typically have intensities that are several orders of magnitude larger than
that of incident light. As a result, one is able to imagine nanostructures functioning as a
secondary light source, thereby intensifying the photon flow and the total light
absorption® which generate the strong electric fields in surrounding of nanostructures.
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In a manner similar to that of far-field scattering, the near-fields produced by LSPR are
controlled by the size, shape, and composition of the plasmonic nanostructure.?" & 8
Nanostars, nanorods, nanocubes as well as other non-spherical
plasmonic nanostructures with sharp characteristics create an intense electromagnetic
field because of the highly concentrated charges at their sharp edges and corners.® &
Finite difference time domain (FDTD) simulation studies have shown that the
morphology and composition of nanostructures have an effect on the intensities of the

localized electromagnetic field at sharp edges (Figure 1.12).

a) l b)

P ——

Figure 1.12. Distributions of simulated electric fields for (a) nanospheres, (b)
nanorods, (c) nanotriangles, (d) nanocubes, () nanotripods, and (f) nanowires and
(f) nanostars, when exposed to incident light (Adapted with permission from ref.®
2022, American Chemical Society).

1.4.2. Non- radiative plasmon decay

Non-radiative effects also contribute to plasmonic enhancements. Hot-electron transfer
and PRET/PIRET processes boost carrier generation non-radiatively. During plasmonic
nanoparticle excitation, short-lived localized surface plasmons (LSPs) decay non-
radiatively, generating hot electrons and holes. Landau damping, a quantum mechanical
effect investigated with femtosecond spectroscopy, redistributes LSP energy to hot
electrons and holes in 1-100 fs.*” Hot electrons are not thermally balanced with
plasmonic material atoms. Hot electrons are formed by intra-band excitations in the

conduction band or inter-band excitations from d-band transitions in noble
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nanostructures like Au and Ag.* Since the energy level of the d-band in Au is only 2.4
eV well below Fermi energy, so inter-band transitions can play a significant role in the
production of hot carriers. Meanwhile, in case of Ag, hot electrons are created by intra-
band excitations because the d-band in Ag is 4 eV below Fermi energy.® Transferring
electrons to the semiconductor or adsorbed molecule can occur via indirect hot electron
transfer (Figure 1.13). Hot electrons can directly enter the conduction band of
neighboring semiconductors if their energy is high enough to overcome the Schottky
barrier between metal and semiconductor.®® Hot electron transfer can occur without
spectral overlap between the metal nanostructure and the semiconductor because the
energy required is less than the semiconductor's bandgap. Hot electron transfer requires
the metal and semiconductor's Fermi levels to be in equilibrium and electrons to freely

move between them.*°
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Figure 1.13. Energy band diagram of transfer of hot electrons from plasmonic metal
nanoparticle to a) conduction band of semiconductor, and (b) LUMO of adsorbed
molecule. (LUMO: lowest unoccupied molecular orbital, Es: Fermi level, e™: electron,
and h™: hole)

In the indirect hot-electron transport pathway, hot electrons are transported from the
Fermi level of plasmonic metal to adsorbed molecule via an inelastic electron tunneling
process, resulting in the development of a transient negative ion state of the adsorbed
molecule.®” ** After the transient negative ion states are formed, the chemical reactions
induced by plasmons occur through vibrational excitation. In plasmon chemistry
using metal surfaces, the indirect hot-electron transfer pathway has been used to explain
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mechanisms of most of the reactions.” Also, it was revealed through an

investigation that hot-hole transfer could be a way for reactions to happen.®?

Morphology of plasmonic metal nanostructures determines their ability to efficiently
generate hot electrons. Hot carriers with energies near the Fermi level are more likely to
be generated as the particle's size increases, as shown by Manjavacas et al.®
Furthermore, metal nanostructures with complicated multilayer or strongly non -
homogeneous nanostructures, can also serve as favorable generators of hot electrons.
The hot electrons generated in plasmonic nanostructures eventually cool down via
electron—electron scattering (~100 fs) and electron—phonon collisions (1-10 ps) by
transferring their energy into the lattice through the vibrational relaxation, which results
in the dissipation of heat.®” ® Reportedly, the surface temperature of the system
increased to around 300°C when LSP of Au Nanoparticles deposited on zinc oxide
nanorods is excited. This generated heat is enough to cross the energy barrier of many
molecules, making them useful for the conversion reactions. This concept has indeed

been utilized to a great extent in photothermal cancer treatments.® %

Besides hot electron transfer, PRET is another non-radiative decay pathway which is
crucial to plasmonic enhancements. This transfer process requires spectral overlap
between semiconductor's absorption and nanostructure's LSPR. Dipole—dipole coupling
from metal to semiconductor generates electron—hole pairs near the semiconductor's
band edge.’” ® The PRET mechanism has extensive practical applications in

photovoltaics, photocatalysis, and photoelectrochemical cells.”® %%

During the excitation, and radiative and non-radiative decay of LSP, strong electric
field, hot electron-hole pairs and heat generated, can be used by adjacent molecules as
excitation sources and hence can be employed in multidisciplinary applications. The
extent of applications also depend upon the self-assembled nanostructures on the

templates.
1.5. Fabrication of assembled plasmonic metal nanoparticles

Metal nanoparticles' interactions with surrounding molecules are strongly influenced by
their spatial arrangement over a template, making this a powerful method for
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systematically controlling their catalytic properties and revealing novel phenomena. In
order to achieve this goal, considerable efforts were put in to develop approaches that
allow for precise control over the assembled structure of metal nanoparticles. The top
down approaches electron-beam lithography and focused ion beam etching have been
used to assemble metal nanoparticles over templates. Despite their sophistication and
flexibility, lithographic techniques have many drawbacks, including the inadequacy to
develop 3D structures, high production costs, and time-consuming multistep synthesis.
Bottom-up appoaches start with colloidal synthesis of metal nanoparticles and self-
assemble them using methods like controlled solvent evaporation or transferring
nanoparticles dispersed in organic solvents to water to form a monolayer after
evaporation. Solution-based assembly of metal nanoparticles yields high-yield

nanostructures.
1.5.1. Assembly of plasmonic metal nanostructures on DNA origami

DNA origami has emerged as a highly effective template for the arrangement of various
nanostructures, allowing for exact control over the arrangement of nanoparticles.® In
1980, Ned Seeman proposed using DNA as construction material to create
different structures using short-staple DNA sequences in careful stoichiometry.’™ Yan
et al. used directed nucleation of DNA tiles around a scaffold DNA strand to create a
DNA barcode lattice in 2003.1% Later, Shih et al. used synthetic oligonucleotides to fold
a 1.7 kb DNA strand into an octahedron.'®® In 2006, Paul Rothemund proposed
"scaffolded DNA origami,” a versatile "one-pot" method for synthesising self-
assembled DNA nanostructures.'® Hence, DNA origami refers to the practice of
folding a single long DNA scaffold strand into a variety of nanoscale designs with the
help of hundreds of short DNA oligonucleotides (staple strands). The bases of nucleic
acids pair up in a very specific and predictable way thanks to Watson and Crick base
pairing. As a result of manipulating the Watson—Crick base pairing, scaffold strands can
be designed into a variety of shapes with the assistance of short staple strands, which

leads to the formation of DNA origami nanoscale structures (Figure 1.14).
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Figure 1.14. The two-dimensional DNA origami nano scale structures. (a) A rectangle,
(b) a star, (c) a disk with three holes, and (d) a triangle (adapted with permission from
ref.’% 2006 Nature Publishing Group).

The ability to accurately and efficiently arrange nanoparticles on DNA origami
templates has enabled the construction of plasmonic structures with fascinating optical
properties. When compared to the top-down lithographic techniques that are typically
used, these assembly techniques are less complicated and more cost-effective to place
metal nanoparticles. Due to their easy conjugation with DNA oligonucleotides via Au-
thiol bond, Au NPs have been the best material for self-assembly. In 2012, Ding used
DNA origami to build 3D plasmonic chiral nanostructures with strong plasmon-induced
circular dichroism (CD).)®® Since then, many examples of using DNA origami to
assemble spherical and anisotropic nanoparticles in prespecified patterns have been

reported.’%® 107

Focusing and controlling light within extremely small, deep-
subwavelength volumes was the driving force behind the use of DNA origami as a

template for fabricating metal nanoparticles.
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Figure 1.15. (a) DNA origami assembled Au nanoparticle dimers (Reprinted with
permission from ref.’%®, 2014 American Chemical Society), and (b) Bowtie nanoantenna
on DNA origami (Reprinted with permission from ref.'®, 2018 Wiley-VCH Verlag
GmbH & Co. KGaA).

Kuhler et al. showed the fabrication of assembled Au nanoparticles on DNA origami,
(Figure 1.152).*% In other example, Zhan et al. illustrated the assembley of Au bowtie
nanoantennas on DNA origami (Figure 1.15b).2%° These fabricated assemblies can be

used for SERS applications.
1.6. Applications of plasmonic nanoparticles

Plasmonic noble nanoparticles have piqued the attention of many researchers because of

0

their distinctive optical properties,*® which are now widely used in enhanced

spectroscopies such as surface enhanced infrared absorption spectroscopy (SEIRAS),
SERS,® and surface plasmon fluorescence spectroscopy (SPFS),'* 2 biosensing and

3 115

chemical sensing,*™ nanomedicine,** solar cells,**® analytical applications,*** and

photovoltaic devices™’ (Figure 1.16).
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Figure 1.16. Diagrammatic illustration of plasmonic nanoparticle applications.

Plasmonic nanomaterials have recently been recognized as favorable platforms for
catalytic applications.*® **° The LSPR of plasmonic metal nanoparticles itself serves as
the catalyst to drive chemical processes for various applications with enhanced
efficiency.®™ 12 The direct interaction of LSPR generated in plasmonic metal
nanoparticles and nearby molecules present in close proximity to plasmonic
metal nanoparticles aids in inducing, triggering, or enhancing chemical
transformations/reactions/processes. Following pioneering research on plasmonic-based
nanocatalysts in the early 2000s, there has been a surge in interest in LSPR-driven
catalysis over the two decades. Tian et al. opened up a way for the development of a
new type of photocatalyst using plasmonic Au NPs as a photosensitizer for TiO; films

used in visible light induced photooxidation of methanol and ethanol.***

1.6.1. Plasmon induced photocatalysis

When Awazu et al. observed the photocatalytic degradation of methylene blue
prompted by plasmonic Ag nanoparticles incorporated with titanium dioxide films, they

introduced the term “plasmonic photocatalysis."**> Taking motivation from such
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beginning works, a wide range of metal nanoparticle-based catalysts have been
examined, hence broadening the range of reactions induced or enhanced by LSPR of
plasmonic metal nanoparticles. Control over catalytic applications of noble plasmonic
metal nanoparticles is achieved by controlling and modulating the optical properties
with modification in shape and size. Interestingly, plasmonic metal nanocatalysts can be
developed as entirely free nanoparticles or as fully supported nanoparticles that can be
arranged on supports like as metal oxide support, semiconductors, or another non
plasmonic metal nanoparticle (Figure 1.17). The plasmonic photocatalysis relies on the

activation of LSPR of metal nanoparticle on resonant light excitation.

(@)  LsPR excitation (b) (c) LSPR excitation

LSPR excitation

e transfer

Metal oxide

Figure 1.17. Schematic representation of (a) activation of metal oxide support for

catalysis via electron transfer during plasmonic metal nanoparticle excitation, (b) non-
plasmonic metal nanoparticle acting as a catalyst on illuminated plasmonic metal
nanoparticle support, and (c) plasmonic metal nanoparticle itself acting as a catalyst

on illumination with a light source.

126,127 and reductive coupling reactions™® can be

The surface plasmon assisted oxidation
carried out by using only plasmonic metal nanoparticles without assistance of catalytic
and support materials. The Halas group demonstrated the potential of hot electrons
generated in metal nanoparticles for plasmon induced dissociation of H, gas on the Au

nanoparticles by LSPR at room temperature (Figure 1.18a).*%
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Figure 1.18. Schematic demonstration of (a) H, dissociation on the Au nanoparticle
surface, and hot electron excitation in Au nanoparticle on light illumination along with
transfer of hot electron to antibonding orbital of adsorbed H, molecule (Reprinted with
permission from ref.?°, 2013 American Chemical Society), and (b) electrons generated
by plasmon activation in Ag nanocubes exposed to visible light utilized to hydrogenate

carbonyls (Adapted with permission from ref.*®, 2017 American Chemical Society).

Landry et al. also demonstrated that at atmospheric pressure, Ag nanoparticles are
effective photocatalysts for converting ketones and aldehydes to corresponding alcohols
(Figure 1.18b)."* Transfer of Hot electron to antibonding orbital of H, was followed by
homoleptic cleavage to activate hydrogen gas. After that, the alcohol was eventually

formed because of transfer of the adsorbed hydrogens.
1.6.2. SERS as a monitoring tool for plasmonic photocatalysis

Moreover, the majority of the findings on plasmonic photocatalysis were conducted
using ex situ or indirect strategies.’*> *3* 132 So, in situ techniques for identifying the
basic steps of plasmon-assisted photocatalysis must be established. This requirement is

met by using SERS, which emerges from SPR and has exceptionally high sensitivity.*3*

135

1.6.2.1. Surface-enhanced Raman spectroscopy (SERS)

Molecules scatter light elastically (Rayleigh scattering) or inelastically (Raman
scattering). The energy of incident photon on the molecule and the state of the molecule
after the scattering phenomena are unaffected in the elastic case. Thus, Rayleigh

scattering does not reveal molecular state structure. However, in inelastic scattering,
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photons of incident monochromatic light change frequency when they interact with a
molecule’s vibrational states.™*® Smekal et al. proposed the Raman effect theoretically in
1923, but Indian physicist C.V. Raman discovered it experimentally in 1928 in an
experiment using the sun as a light source.’®® ¥ This type of phenomenon is then
known as Raman spectroscopy, named after C.VV. Raman, and won the Nobel Prize in
Physics in 1930 for this discovery. The major drawback of Raman effect is that it is an
intrinsically weak phenomenon. Raman scattering occurs in about one out of every 10’
photons. As a result of low analyte concentrations or due to poor Raman scattering
cross-section of most molecules, the intensity of Raman signal is extremely low. The
high fluorescence of the molecule can sometimes mask the Raman signals. This
problem is solved by SERS which is a non-invasive spectroscopic technique that
involves the enhancement of Raman signals from molecules over several orders of
magnitude when they are adsorbed on metal nanoparticles or rough surfaces of metals.
The discovery of the SERS effect was a watershed moment in Raman spectroscopy.
Fleischmann and colleagues unintentionally discovered it in 1974 while measuring the
Raman signals of pyridine adsorbed on rough Ag electrodes, and they attributed
this enhancement in Raman signal to a surface-area effect.!*® Jeanmaire and Van

! as well as Albrecht and Creighton,*?

Duyne,** individually recognized that the
enhanced intensities observed could not be explained merely by an increase in the
number of adsorbed molecules as surface area increased, and they proposed that
amplification of intensity of Raman signal occurred in the adsorbed state. With the
addition of the LSPR effect, the intensity of Raman signal corresponding to adsorbed
molecules on metal surfaces can be significantly increased. The SERS effect enables
Raman spectroscopy to be used as an in situ analytic method for evaluating the details
of molecular arrangement and alignment of surface species. SERS-based measurements
are used in material science, chemistry, forensic science, biology, and biotechnology to
analyze and provide molecular-level information on a wide range of chemical,
biological, and physical processes on surfaces and interfaces.

1.6.2.1.1. Mechanism of SERS

Despite SERS's rapid growth, its mechanism is still unclear. Jeanmaire and VVan Duyne

suggested an electric field enhancement mechanism to amplify Raman signals, while
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Albrecht and Creighton suggested resonance Raman scattering by electronic states of
molecules broadened by molecule-metal surface interaction. Nowadays, two
mechanisms have gained wide acceptance: electromagnetic enhancement and chemical

enhancement (Figure 1.19).

Electromagnetic (EM) enhancement Chemical enhancement (CM)

wR
Laser (w,) O Laser (w,)
~ Y Q
/Nanostructure surface\ Nanostructure surface

Enhancement of the Enhancement of re- emitted Alteration of the electronic properties of the
local incident field on the Raman scattering from the adsorbed analyte allowing new electronic transitions
analyte analyte

Figure 1.19. A simplified representation of electromagnetic and chemical enhancements
in SERS.

It is widely assumed that the intensity boosting of Raman signals is caused primarily by
electromagnetic enhancement, with contribution from charge transfer due to interactions

between both the metal nanoparticle and adsorbate molecule.****°

1.6.2.1.1.1 Electromagnetic enhancement (EM) and enhancement factor (EF) in
SERS

When electromagnetic radiation excites LSPs in plasmonic metal nanoparticles, far-
field incident light accumulates at sharp corners, tips, or curves, increasing the local
electromagnetic field. The SERS effect is caused by electromagnetic enhancement,
which improves EM fields during excitation and scattering to up to 10'°. SERS

electromagnetic field enhancement involves two steps. (Figure 1.20).**
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Figure 1.20. Mechanistic illustration of basic EM SERS. The AuNP (1) strengthens both
the incident laser field (a) and the scattered field (b), significantly increasing the
intensity of scattered Raman signal from a neighbouring molecule (2) (Reproduced with
permission from ref.**®, 2012 10P Publishing).

First, the local electromagnetic field around the plasmonic metal nanoparticle increases
at the incident frequency (wo). Thus, plasmonic metal nanoparticles act as receiving
optical nano-antennae to convert far field incident light to near field. In the second step,
the mutual reciprocity excitation between the induced dipole of molecules near metal
nanoparticles and their dipoles enhanced the electromagnetic field. Thus, plasmonic
metal nanoparticles act as optical nano-antennae by transferring the near field to the far
field at the Raman scattered frequency (wg). The total SERS EF is determined by the EF
of both the first Gi(mo) and the second step G,(wgr) and, is determined by the equation
below (Equation 1.7).

_ _ |Eloc((»"0)|2 |Eloc(wR)|2 ~ |Eloc(wR)|4 -
G = Galwo) Ga(@r) = = e Riss@n? ™ IsaCwn)l Equation 1.7

Where E; and Ej,c are the local electric fields produced when plasmonic metal
nanoparticles are absent and present, respectively. As indicated by the Equation
1.7, SERS EF is nearly proportional to the fourth power of the local electric field
enhancement. As a result, the stronger the intensity of the generated electric field, the
higher will be SERS EF.** ¥ The distance between the metal nanoparticle and nearby
molecule, its size and shape, and the nearby molecule's alignment with the plasmonic

metal nanoparticle's surface all affect EF intensity. The most common nanoparticles
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have spherical morphology and moderate Raman signal enhancement due to their high
symmetry. Thus, “"plasmonic hotspots” made from spherical nanostructures have
moderate SERS activity. However, rationally designed nanoparticles with sharp edges
and corners, such as Au and Ag nanoflowers, nanocubes, nanostars, and mesocages,
have much higher SERS activity than spherical ones.®! Figure 1.21 a, b, and ¢ depicts
the enhancement of EM field intensity contours of different shaped Au nanostructures
such as nanosphere, nanotriangle, and nanorod procured from finite-difference time-
domain simulations (FDTD) studies.* Also, the energy loss spectroscopy (EELS) map

indicates higher localization of SPR at the sharp tips of Au nanostar (Figure 1.21d).%*

el N'

e
(t %I 1!5 Ig

Figure 1.21. EM enhancement contours of (a) a nanosphere, (b) a nanotriangle, and

(c) a nanorod in logarithmic scale (Adapted with permission from ref.®?, 2014 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim), (d) EELS intensity map of a nanostar

(Reprinted with permission from ref.*®, 2009 American Chemical Society).

Due to their unique structure, Au nanostars have higher SERS EFs than spherical,
nanorod, or nanotriangle morphologies. SERS EFs of 10°-10% can be achieved using
sharp-tipped Au nanostars.™®* *** Due to these important properties, Au nanostars are
used in many SERS-based sensing/detection, catalysis, and other applications.*>* 1> %

1.6.2.1.1.2 Chemical enhancement (CE) in SERS

Although EM field enhancement should be the only nonselective amplifying factor for
Raman scattering for all molecules bound on a metal nanostructure surface, CO and N,
SERS intensities vary by a factor of 200 under identical experimental conditions. This

finding is hard to explain with EM enhancement alone. This finding suggests that apart
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from the EM enhancement which relies on the LSPR effect, there is an additional
type of SERS enhancement that is usually described as chemical enhancement (CE).*’
The CE mechanism in SERS is related to electron transfer among both adsorbed
molecule and nanoparticle substrate. Its existence is still debated™® and the contribution
of CE mechanism is considered to be much smaller than that of EM enhancement. The
CE mechanism is largely dependent on the adsorbed molecule on the SERS substrate
(Equation 1.8).1°0- 158
O_I%ds

Gépps = —free Equation 1.8
K

of®and a,{ree are indeed the Raman cross sections of the adsorbed and free molecule's

K" vibrational modes, respectively.

CE mechanism can be categorized into three types of significant contributions.'>* **

(Figure 1.22). (1) A Raman resonance effect caused by resonance of incident light
with an electronic transition in the adsorbed molecule, (2) A charge-transfer effect in
which incident light resonates with a molecule - metal or metal - molecule transition,
and (3) A non-resonant CE effect caused by overlapping of orbitals in ground states of
an adsorbed molecule and the metal. The input of the charge-transfer effect (2) to SERS
is significantly stronger than the other two modes (1, and 3) and is based primarily on
changes in polarizability of an adsorbed molecule on the metal nanoparticle surface,
which can result in the formation of a new metal-analyte complex. The electronic
orbitals of newly formed chemical complexes are drastically altered in comparison to
the analyte's original orbital configuration, allowing intrinsic electronic transitions to
occur within the metal-molecule complexes.*®* This effect is observed due to the energy
difference that exists between the highest occupied molecular orbital (HOMO) of a
metal nanoparticle and the lowest unoccupied molecular orbital (LUMO) of the
adsorbed molecule. Creighton, for example, discovered in 1986 that SERS spectrum of
pyridine molecule absorbed on the surface of Cu and Ag substrates has four intense
peaks at 629, 1005, 1210, and1590 cm™, as opposed to the normal Raman spectrum of
pyridine, which has very weak peaks at 629, 1210, and 1590 cm™ and a strong peak at
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1005 cm™. This enhancement in the a; modes of pyridine has been credited to charge

transfer effect from the metal to pyridine's lowest unoccupied m*orbital.*®?

LUMO

4 > HOMO

Metal Molecule

Figure 1.22. Schematic description of the three contributors to CE mechanism.

Highlights of enhancement mechanisms:
1. EM is much stronger than the CE.
2. The severe EM field is confined in sub-nm gaps between plasmonic
nanoparticles or at the sharp edges of nanostructures.
3. The combination of localized and extended surface plasmons can result in much

stronger enhancements due to significantly increased Raman cross sections.
1.6.2.2. SERS substrates for plasmonic photocatalysis

Because SERS and plasmon assisted reactions share the same origin i.e., SPR, SERS
has the ability to impart in situ fingerprinting of surface adsorbates during plasmonic
photocatalysis. As a result, the plasmon assisted chemical reactions have been
demonstrated since 2010. Based on theoretical and experimental findings, the Sun
group evidenced from SERS that the dimerized product p,p’-dimercaptoazobenzene
(DMAB) is formed from p-aminothiophenol (PATP) by selective catalytic oxidation
reaction of PATP on Ag nanoparticles (Figure 1.23a).*%® SERS is regarded as a non-
invasive approach for providing fingerprint vibrational information of the adsorbed
surface molecules. Tian's research group demonstrated, using SERS, that PATP
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molecules can undergo chemical transformation i.e., oxidative coupling reaction to

produce DMAB on silver electrodes (Figure 1.23b).*%*
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Figure 1.23. (a) The time-dependent SERS of DMAB at molecular concentration, M
(Adapted with permission from ref.}®3, 2010 American Chemical Society), and (b)
Transformation of PATP adsorbed on Ag electrode to DMAB during electrochemical
SERS measurement and corresponding SERS spectra (Reprinted with permission from

ref.'®* 2010 American Chemical Society).

Decarboxylation reaction is another well-known example of plasmon photocatalysis
that has sparked significant attention in organic synthesis. Many research groups have
carried out the decarboxylation reaction catalysed by metals, but rough conditions such
as toxic metals and harsh organic solvents have been involved.’®™®" For the
decarboxylation reaction, 4-mercaptobenzoic acid (4-MBA) has been chosen as the
SERS probe because of its strong interaction with noble metals, primarily via S-metal
bonds, contribute to improved SERS signals. Zong et al. were the first group to report
on the plasmon-induced decarboxylation of 4-MBA.*® As a source of SPR, they
developed a uniform monolayer film of Au nanoparticles and adsorbed MBA molecules
onto the Au nanoparticles. The new Raman peaks observed in SERS spectra that differ
significantly from the reactant SERS spectra are recognised as the peaks corresponding

to decarboxylation product i.e., thiophenol (TP) (Figure 1.24).
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Figure 1.24. (a) lllustration of the plasmon-driven decarboxylation of 4-MBA to TP, (b)
SERS spectra collected before 4-MBA decarboxylation, and (c) SERS spectra collected
after decarboxylation of 4-MBA into TP (Adapted from ref.*®, 2014 Royal Society of
Chemistry).

The plasmonic metals serve two functions in above mentioned plasmon induced
chemical conversion reactions: (1) harvest light to generate hot carriers that will
catalyze the chemical reaction, and (2) act as a SERS substrate to boost the Raman
signal. In this type of plasmonic photocatalysis, both the CE and EM mechanisms are
involved. The former is in responsible of converting the reactant into the required
product, with characteristic peaks in the SERS spectrum that differ from the product
peaks. The latter mechanism is in charge of increasing the intensity of the product's

characteristic Raman peaks.
1.6.2.3. SERS for small molecules detection

High-performance liquid chromatography or gas chromatography, combined with mass
spectrometry, quantifies environmental pollutants and dyes. Despite their high
specificity, sensitivity, and accuracy, all these techniques require complex equipment
and lengthy procedures. On-site analysis requires sensitive, simple, and easy detection
methods. SERS is one of the most powerful and versatile analytical techniques due to
its high sensitivity (till single molecule detection), unique "fingerprint" accuracy, and

non-destructive molecule sensing.®® These advantages make SERS a good platform for
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environmental monitoring, food analysis, disease diagnosis, and more % 70 17

Because of ongoing breakthroughs in nanofabrication methods, it is now possible to
develop rationally designed plasmonic metal nanomaterials.’*> *"* Specifically, SERS
substrates made of Au and Ag plasmonic metal nanoparticles are widely acknowledged
to be essential for effective Raman signal enhancement owing to their unique property
of LSPR. Thus, EF depends heavily on the LSPR position, which is affected by shape,
size, and medium. Due to higher electric field generation, sharp and tipped anisotropic
nanoparticle edges are preferred over smooth surfaces. Because of their shapes and
sizes, anisotropic nanoparticles create massive hotspots for sensing analyte
molecules.*”*"® Patel et al. utilized the Au nanoflowers for SERS based sensing and

Raman signal enhancement of rhodamine 6G dye (Figure 1.25).*"

With Au nanoflower
Only rhodamine 6G

Raman Intensity (a.u)

/

1 1
1200 1400 1600

Raman Shift (cm”)

\‘ Laser @ Rhodamine 6G b‘( Au nanoflower

Figure 1.25. Representation of Au nanoflowers utilized for the SERS enhancement of
Raman signals of rhodamine 6G dye (Adapted from ref.'”®, 2018 Elsevier).

At 10™° M concentrations, Au nanoflowers detected rhodamine 6G dye molecules. Au
nanoflowers boost Raman signal enhancement with EFs of 10°. Au nanoflowers show
the SERS effect, but Au nanospheres do not improve Raman signals. Au nanoflowers'
sharp corners explain their high EF value compared to Au nanospheres. Nanoflower
edges increase electromagnetic field, which interacts with adsorbed molecules and
boosts Raman signal.

SERS can detect single molecules by positioning plasmonic nanoparticles over

templates like DNA origami, which allow precise control over nanoparticle position and
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gap. This gap between nanoparticles creates a strong plasmonic hotspot with higher
electric field enhancements to detect analyte molecules with more sensitivity. Swati et
al. demonstrated the synthesis of Au nanostar dimers with tunable interparticle gap and
controlled stoichiometry assembled on DNA origami for single analyte detection of
Texas red (TR) dye with EF of 2 x 10 and 8 x 10 for interparticle gap 7 nm and 13

nm using 633 nm laser, respectively (Figure 1.26).*%
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Figure 1.26. SERS spectra of TR dye bound to Au nanostar dimers assembled on DNA
origami with average gaps of 7 nm (i) and 13 nm (ii)), and TR dye bound to Au
nanostar monomer on DNA origami (iii) and bulk TR dye (iv) (Adapted from ref.!®,

2016 American Chemical Society).

Such anisotropic nanostructures can be used for the identification of biomarkers, the
detection of dyes and pesticides in food, and the detection of environmental pollutants
with high accuracy and simple experimental setups that would otherwise be time-

consuming.
1.6.3. Photothermal therapy

Photothermal therapy is a major use of plasmonic nanomaterials. Plasmonic
nanoparticles' large optical cross sections absorb and scatter light. Photothermal effect
occurs when absorbed light is converted into heat energy by photophysical processes

like electron-electron or electron-phonon relaxations.®® These femtosecond- and
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picosecond-scale relaxation processes cause the surface of a metal to become extremely
hot. Surface temperature decreases due to relaxation brought on by phonon-phonon
interaction. It means that the nanoparticles radiate heat into their surroundings, warming
any molecules or species nearby. (Figure 1.27a).
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Figure 1.27. (a) Schematic representation of photothermal effect by plasmonic metal
nanostructures (Adapted from ref.®!, 2014 RSC Publishing), and (b) PTT is represented
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by irradiating plasmonic nanoparticles with NIR light to generate heat and kill the
surrounding tumor tissue (Reprinted with permission from ref.'®2, 2017 Wiley-VCH
Verlag GmbH & Co. KGaA).

This photothermal effect of plasmonic nanoparticles is known as plasmonic
photothermal therapy (PTT) when used to destroy cancer cells attached or present in
close contact to nanoparticles (Figure 1.27b).**¥ Au nanoparticles are of particular
significance among the noble plasmonic metal nanoparticles due to its biological and
chemical stability, minimal toxicity in biological systems, and a wide range of surface
functionalizations with ligands like as proteins, DNA, and antibodies.® As the
photothermal effect is highly depends upon the nanoparticle’s absorption and scattering
cross sections which are strongly reliant on nanoparticle's size and shape as well as the
wavelength of light used.*® Jain et al. explored the size and shape dependent changes in
scattering and absorption behaviour utilizing Mie theory calculations."® It was
discovered that as the size of Au nanospheres increased from 20 to 80 nm, the

comparative contribution of absorption to total extinction (Extinction cross-section =

38



Introduction

187 decreased while the

Absorbance cross-section + Scattering cross-section)
contribution of scattering increased. As a result, increasing the size of Au nanospheres
from 20 to 80 nm red shifts the plasmon band from 520 to 580 nm, which is in the
visible region. Although Au nanoshells have a similar extinction cross-section as Au

nanospheres for same size,**®

tuning the thickness of the nanoshell causes a large red
shift in the plasmon absorption band towards the NIR region (biological window) which
is advantageous for photothermal therapy. The Halas group had developed core-shell
nanostructures composed of silica core of size 100 to 150 nm and thin Au shell with
thickness 5 to 20 nm.*® The absorption band is red-shifted for thinner shells.’®® Au
nanorods absorb NIR light like Au nanospheres and nanoshells because their SPR band
position is sensitive to aspect ratio (length/width). Redshift the longitudinal plasmon
band by manipulating nanorod length. In addition to Au nanospheres, nanoshells,

189 19 and Au nanostars™ % (Figure 1.28) have been

and nanorods, Au nanocages
revealed in photothermal therapies because of their enhanced light absorption in the
visible and NIR regions owing to their SPR oscillations. Sharp tips, spikes, and edges in
nanostructures increase the electromagnetic field and temperature distribution at the tip
head, transducing plasmonic heat for non-invasive photothermal abscission of cancer
cells.’® Due to their high absorption cross-sections, Au nanostars are better for
photothermal effect than Au nanorods with the same longitudinal plasmon bands.**!
Hence, photothermal effect is highly dependent on the

1. Extinction cross- section (mainly absorption cross- section) of nanoparticles.

2. Size of nanoparticles.

3. Shape of nanoparticles.
When the frequency of incident light matches the NIR absorption band of Au
nanoparticle, enhanced absorption occurs, contributing to higher photothermal
conversion efficiency. The "photothermal conversion efficiency” of a nanoparticle
determines its scattering and absorption efficiency. Thus, PTT material selection has
become increasingly dependent on photothermal (light to heat) conversion efficiency.
Maestro et al. examined the heating efficiency of Au nanorods, nanoshells, nanostars,
and nanocages with LSPR band positions in NIR (~ 808 nm, within the first biological

window).*3
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Figure 1.28. The four most common AuNP shapes for PTT are silica/Au core — shell
nanostructures, Au nanorods, hollow Au nanocages, and Au nanostars (Reprinted with
permission from ref.'®, 2017 Wiley-VCH Verlag GmbH & Co. KGaA).

1.6.4. Photochemical water splitting

Nowadays, scientists have been inspired to establish renewable and environmentally
friendly energies as they become more aware of the depletion of fossil fuels as well as
the degradation of the natural ecosystem. Because of its high energy potential and
environmentally friendly nature, hydrogen (H,) is recognized as the easiest and most
appealing fuel for power generation. Photocatalytic water splitting using solar energy to
produce H, and O, is intriguing. Semiconductors are known for splitting water
molecules into oxygen and hydrogen.'®* Fujishima and Honda's 1970 photochemical
water splitting demonstration under ultraviolet irradiation piqued researchers' interest.'*
Since then, the TiO, semiconductor has unquestionably known to be among the best
catalysts for photochemical water ~splitting.'*
semiconductors (3.2 eV for TiO,™" and 3.37 eV for Zn0*®), they can excited by UV or

near UV radiation only, which accounts for only 4% of the light coming from the sun

Because of large band-gap of

on Earth. In order to effectively exploit the visible part of light, semiconductors are
decorated with plasmonic metal nanoparticles to enhance their photochemical
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efficiencies. Desiging Au@semiconductor core-shell nanoparticles not just protect the
Au nanoparticle core from agglomeration and chemical corrosion during the harsh
reaction conditions, but they also provide an optimum and intimate interaction between
semiconductor and Au nanoparticle, which really is essential for plasmon - exciton
interactions and as well as charge transfer between the core and shell.**® ?®® Combining
Au nanoparticles with ZnO semiconductor enables the absorption of visible light
through LSPR effect. The high chemical stability of Au nanoparticles also aids in the
reduction of inherent photo - corrosion problem encountered while using only ZnO.*"
Moreover, integrating plasmonic Au nanoparticles with ZnO in a well-defined core-
shell nanostructure are extremely desirable in order to better comprehend optical

absorption, charge transfer, and other properties.
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Figure 1.29. Photocurrent curves of Au@ZnO core—shell nanostructures and pure ZnO
nanoparticles at an applied potential of 0.5 V vs. Ag/AgCI under simulated sunlight
irradiation during on/off cycles within 300 s (reprinted with permission from ref.?%,
2016 Royal Society of Chemistry).

Shao et al. prepared core-shell Au@ZnO nanostructures for visible-light photocatalytic
and photoelectrochemical properties.’®®> Further to that, they observed that when
exposed to simulated sunlight, Au@ZnO as a photo-electrode material exhibits an
elevated photocurrent density as compared to pure ZnO nanoparticles (Figure 1.29).
This enhancement is due to harvesting of visible light by plasmonic core Au
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nanoparticles. By optimizing the size and shape of the metal nanoparticle and
semiconductor, photocatalysts with improved efficiencies can be designed for enhanced

photochemical water splitting.?%* 2

1.6.5. Electrocatalysis

Apart from photochemistry, electrochemistry has emerged as a renewable energy
pathway capable of meeting the ever-increasing demand for energy. Hence,
Electrocatalysis is, without a shadow of a doubt, a very significant field of study. There
is a rising motivation to establish highly stable, durable, active, and budget
friendly electrocatalysts because even a slight improvement in efficiency will result in a
recognisably significant difference. The noble metals platinum (Pt), palladium (Pd),
iridium (Ir), rhodium (Rh), and gold (Au) have great electrocatalytic potential. It is well
established that the surface properties of noble metallic nanoparticles significantly
impact their overall catalytic behaviour.?®® Conventional catalysts such as Iridium oxide
(IrO2) and Ruthenium oxide (RuOy) in acid media have proven to be the most effective
electrocatalysts for oxygen evolution reaction (OER) to date.?®® On the other hand,
nanoparticles of Pt have proven to be the most cutting-edge electrocatalysts for
hydrogen evolution reaction (HER),?®" oxygen reduction reaction (ORR),*®
and hydrogen oxidation reaction (HOR).?%® The electrochemical production of hydrogen
through water splitting is one of these plausible processes that has the potential to
effectively and efficiently mitigate the ongoing global energy crisis and lead to a
solution that is both sustainable and efficient. Regrettably, due to the slow kinetics of
the anodic OER, large-scale synthesis of hydrogen from electrochemical water splitting
is still a cause for concern.?! Since the cathodic HER is a two-electron-transfer reaction

process and OER is a complex four-electron-proton coupled reaction,?®

a relatively
high overpotential is required to overcome the kinetic energy pathway for OER than it
is for HER (high overpotential (1), na > ne, Wwhere 1, and 1 are anodic and cathodic

overpotentials, respectively (Figure 1.30).
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Figure 1.30. Polarization curves for HER and OER (reprinted with permission from
ref.2%® 2017 Royal Society of Chemistry).

Standard electrocatalysts for OER include IrO; and RuO,, which perform well in both
alkaline and acidic electrolytes. However, such environments easily oxidize these
catalytic materials, which are scarce and unsustainable. Recent research has focused on
transition metal oxide catalytic activities. Due to their multi-functionality and
synergistic effects, noble metals have also been studied for their potential use in many
catalytic processes.”® Due to synergistic effects among two or more components,
composite nanomaterials typically illustrate distinctive catalytic and electrocatalytic
properties when compared with their individual counterparts.?** The performance of the
catalysts is heavily influenced by the characteristics of the interface that exists between
the active materials and the matrix.?*? Hence, in order to achieve conducive interfaces
that will result in increased catalytic activity, some core-shell nanomaterials have been

21
d.2t?

synthesize Au is unquestionably the most common core metal to enhance the OER

performance of an electrocatalyst owing to its higher conductivity®**

and ability to
adsorb hydroxide ions,?*®> which are essential for the OER process to occur. Zhuang et
al. synthesized core—shell nanocatalyst comprised of Au@Co30,4 with uniform particle
size and shell thickness.?*® The resultant catalyst exhibited an efficient synergistic effect
between the core and shell material. As a result, The Au@Co30,4 nanocrystals showed a
current density in the OER that was 7 times higher than a mixture of Au and Co030,
nanocrystals or Co3O4 nanocrystals alone, and 55 times higher than Au nanocrystals

alone (Figure 1.31).
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Figure 1.31. Linear sweep polarization curves performed for Au@Co30,4, Co30,, and
Au nanocrystals (reprinted with permission from ref.?!® 2014, Wiley-VCH Verlag GmbH

& Co. KGaA).

There is a one-to-one relationship between the surface area of the nanoparticles and
their OER activities. The complex nanostructures such nanowires, nanofibers, and
flower shaped nanostructures provide much higher active surface area which contribute
to better performance of catalysts towards electrochemical processes.?”** Catalysts'
active sites are the sites of electrochemical interactions, where charges are stored and/or
transferred. Therefore, improved performance is a direct result of increased
electrochemically active surface area because more electrolyte ions can reach the
surface, where they can participate in electrochemical reactions.”® Moreover, Au
nanostructures, with their potential surface-sensitive applications, have recently
attracted a lot of attention.?**

The noble nanomaterials have attacked a lot of attention due to their exceptional
absorption, scattering, and field enhancement providing widespread use in fields as
diverse as biomedicine, energy, and sensing devices. Despite noble nanomaterial’s
remarkable potential, it has not yet been fully exploited to bring fabricated
nanomaterials from research papers to commercial uses. There is a substantial scope for

further development.
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Chapter 2 includes the synthesis of anisotropic-shaped Au nanostars, Ag-coated Au
nanostars, silica core - Au nanostar shell type nanostructures, Au nanostar - ZnO
nanopetal shaped hybrid core-shell structures, and DNA origami. This chapter also
provides an introduction to the fundamental principles and theories underlying the wide

variety of instruments employed for the work included in this thesis.
2.1. Synthesis of Au nanoparticles

Michael Faraday provided a detailed description of the synthetic protocol for the
synthesis of colloidal gold nanoparticles in the year 1857.' He made use of white
phosphorus to reduce the gold salt, and carbon disulfide was used as a stabilizing agent.
The synthesis of spherical Au nanoparticles utilizing trisodium citrate as a reducing
agent was first proposed by Turkevich et al. in 1951% ® and later improved by Frens.*
This technique, also known as the citrate reduction method, is now widely used. Since
then, several synthetic approaches have been suggested for developing gold

nanoparticles in both spherical and anisotropic shapes.
2.1.1. Synthesis of anisotropic-shaped nanostructures

For the synthesis of anisotropic-shaped Au nanostructures, two types of approaches
have been employed: top-down approach and bottom-up approach.’ Developing
nanoscale structures from bulk materials by selective removal, which can be attained
via lithographic techniques® or chemically based modes,” is what the top-down
approach entails. The most problematic aspect of this method is the imperfection of the
surface structures, as well as the crystallographic malfunction to produce patterns. This
leads to high costs for fabrication, variations in particle shape and morphology, and a
wide range of sizes across the product.® The "bottom-up" process involves the
arrangement of nanoscale basic components like nanoparticles, which have been
derived from their molecular precursors via colloidal chemistry. This method offers
control over the morphology as well as the polydispersity of the final product. When
using the bottom-up method, the first step is nucleation, which is then accompanied by
two growth mechanisms that are controlled either thermodynamically or kinetically.

The simple and direct reduction of metallic ions has a tendency to nucleate as well as
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grow into thermodynamically stable nanoparticles, which ultimately leads to the
development of minimum-energy spherical or near-spherical nanostructures.
Anisotropic growth occurs as a result of directional growth over those low energy
crystallographic facets when kinetic control is used to direct the growth of the material.’
This is accomplished through the selective adsorption of ligands, polymers, ions,
or surfactants onto selective facets of the substrate.’® Synthesis of anisotropic metal
nanoparticles has been accomplished through the use of a variety of chemical synthetic
approaches up to now. These approaches include seed-mediated synthesis,™

1314 nolyol synthesis,™ and

electrochemical synthesis,'® template mediated synthesis,
photoinduced synthesis.® The seed-mediated methodology is by far the most common
one, and it is responsible for producing metal nanostructures in a variety of interesting

shapes like wires, rods, stars, pyramids, triangles, and flowers.

2.1.1.1. Seeds mediated approach for synthesis of anisotropic shaped Au

nanoparticles

The first demonstration of seed-mediated approach was carried out by Jana et al. for the
development of Au nanorods and nanowires.'” Since that time, it's been put to use in the
process of synthesizing metal nanoparticles in a variety of shapes, including nanorods,
nanocubes, nanostars, and many others. The conventional seed-mediated strategy
consists of two steps in general. In the first step, small spheroidal nanoparticles known
as seeds are synthesized by the reducing metal salts with the help of a stronger reducing
agent. The next step is to grow seeds nanoparticle into the required shape by adding a
shape guiding agent or surfactant and a moderate reducing agent like ascorbic acid.
Surfactants in the growth solution are meant to bind preferentially to specific crystal
facets of the seed, thereby preventing growth at such facets. When it comes to the
synthesis of anisotropically shaped nanoparticles, the surfactants such as
hexadecylcetyltrimethylammonium bromide (CTAB) and poly(vinylpyrrolidone) (PVP)
are the ones that are used most commonly.*®*® Among the various different anisotropic
shapes of Au nanoparticles, the synthesis of nanostar morphology has been mainly
driven by significance of their optical and structural properties.”® As a result, over the

course of the past few years, a variety of procedures for chemical synthesis

56



Methodology & Instrumentation

Au nanostars have been introduced.”* For seed- mediated growth of Au nanostars,
Kumar et al. prepared the PVP capped small spherical Au seeds along with N,N-
dimethylformamide (DMF) in which PVP capping restricted the growth along (110)
direction resulting into star like morphology.?” The nanostars shrank in size and had a
reduced number of spikes as the concentration of Au seeds in the growth solution
decreased. Without the use of surfactants and organic solvents, Yuan et al. proposed a
simple seed-mediated method for the synthesis of Au nanostars with remarkable
monodispersity (Scheme 2.1).2°

N/ O/ LHa .
Chloroauric acid \, C \/ C 2. AgNO, ,N( \
(HAuCl, ) h} N — DN
+ — N \ //_ ’
3. Ascorbic
Trisodiumcitrate “N\- I 4

acid
Citrate capped
Au seeds

Au nanostars

Scheme 2.1. Schematic illustration of seed-mediated synthesis of Au nanostars.

It was discovered that Au nanostar size could be controlled by adjusting the seed

concentration in the growth solution.
The work presented in this thesis involves the seed-mediated synthesis of Au nanostars.
2.1.2. Synthesis of bimetallic nanoparticles

The synthesis of bimetallic type nanostructures has received a lot of attention because
of their superior photocatalytic performance and high SERS activities as compared to
single counter parts.?* 2 Synthesis of bimetallic type nanostructures can be
accomplished through a number of different methods, including® (a) coreduction, in
which two different type of metal salts are parallelly reduced via refluxing in suitable
solvent solutions using a stabilizing agent; (b) successive reduction in which one metal
ions has a reduction potential that is significantly different from that of the other (in
this instance, the metal ion with the more negative reduction potential is reduced first,
being followed by the second metal); (c) thermal decomposition in which refluxing of
required metal ions is carried out in presence of suitable solvents and stabilizing agents.
the refluxing temperature should be high enough to allow the nucleation and growth of

nanoparticles. In each method, the reaction conditions are adjusted so that monodisperse
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bimetallic NPs with the targeted morphology are produced. Such synthetic methods
result in the production of bimetallic nanoparticles of three distinguishable types, each
of which possesses a distinct set of characteristics as well as plasmonic properties of
their very own. These include hollow particles, core—shell particles, and particles with
an alloy composition. Ferrer et al. fabricated Au—Pd core shell nanoparticles with the
help of a polyol synthesis method which were stabilized by polymers.?” Masaharu et al.
prepared Au-Ag core-shell nanoparticels by a microwave assisted polyol method
through the two-step reduction of AuCl4 and Ag" ions in the presence of
poly(vinylpyrrolidone) (PVP) as a capping reagent.”® Hence, it is clear that two steps
are required in the synthesis of bimetallic core-shell nanostructures: the first is the
preparation of the core material, and the second is the coating of another material by
adding the appropriate metal salt for nucleation over the core. Fu et al. deveopled a
method for synthesis of Ag coated Au nanorods.? They prepared Au nanorods to serve
as the core material, after which they coated the nanorods with Ag under basic
conditions using AgNO3 as a source of Ag, ascorbic acid as a mild reducing Ag(l) as

shown in scheme 2.2.

AgNO,
Ascorbic acid, pH ~ 11
Au nanorod Ag coated Au nanorod

Scheme 2.2. Schematic depiction for synthesis of Ag coated Au nanorod.

In chapter 3 and 6 of this thesis, synthesis of bimetallic Ag coated Au nanostars is

reported by following the protocol discussed above with some modifications.
2.1.3. Synthesis of metallic nanoshells

The metallic nanoshells are crucial because, with some fine-tuning of their thickness,
plasmonic metallic nanoshells can become active in the near infrared region, which has
important medical applications such as photothermal cancer therapy, modulated drug
delivery, and imaging contrast agents.*® The concept of a metal nanoshell was first
invented in 1951, but it wasn't realized until the 1990s** * a metal nanoshell is

comprised of a dielectric spherical nanoparticle and is surrounded by an extremely thin
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layer of metallic material. The first metallic nanoshell was developed by Zhou and
colleagues which was comprised of gold sulphide (Au,S) dielectric core surrounded by
a Au shell.* Chloroauric acid (HAuCI4) and sodium sulfide (Na,S) are mixed together
in a single step to grow these nanoparticles. Au-Au,S nanoshells with varying core and
shell thicknesses can be grown by adjusting the proportions of HAuCl, and Na,S
added. Subsequent to this, Oldenburg et al. created a new nanoparticle, a silica gold
core-shell nanostructures (Scheme 2.3).%® Firstly, Stober method was used to develop a
dielectric silica core. In this method, tetraethylorthosilicate (TEOS) was reduced in
ethanol under basic conditions, which results in the nucleation and development of
spherical and extremely monodisperse silica colloid. Through a reaction with
aminopropyltriethoxysilane  (APTES), silica core surfaces were subsequently
functionalized with amine groups. After that, small Au nanoparticles of size on the
order of 1-2 nm were adsorbed onto amine functionalized surface of Silica core. The
small Au nanoparticles attached over the surface of silica cores act as nucleation sites
for further reduction of Au which was accomplished by reduction of Au in a solution of
HAuUCIl;. When more Auis reduced, the coating on the surface of silica

nanoparticle thickens and eventually forms a complete Au spherical shell.

J 1. Amination . 3 . 0
J 0 2. Decorating 3 — v)
%

small Au NPs
Silica nanoparticles Small Au nanoparticles decorated on Silica Au

silica nanoparticles nanoshells

Scheme 2.3. Schematic illustration of synthesis of silica-Au nanoshells.

It is reported in chapter 4 of the present thesis that the above protocol can be used to
develop a rational methodology for the synthesis of shell type Au nanostars over silica

cores.
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2.1.4. Synthesis of hybrid metal-semiconductor nanostructures

In recent years, significant efforts have been directed toward the synthesis of
heteronanostructures by combining plasmonic metal nanoparticles and semiconductors.
This is due to the fact that these heteronanostructures have demonstrated superior
performance in a variety of photocatalytic reactions, such as the production of
hydrogen, in comparison to the semiconductor analogues.**®" Several different
strategies and procedures are employed to develop metal-semiconductor hybrid
nanostructures. The following includes the strategies for preparation of Au
nanoparticle-semiconductor hybrid nanostructures that are used most frequently:* (a)
deposition—precipitation method in which supporting material is submerged in an
aqueous solution of HAuUCI,;, which is then followed by the addition of
NaOH solution in order to bring the resultant suspension to the desired pH value under
constant stirring for particular time. The catalyst precursor is filtered, and washed with
deionized water and calcinated at various temperatures; (b) photoreduction method in
which a semiconductor is irradiated with appropriate wavelength light, the
photoexcited electrons in the conduction band do the reduction of Au**to Au® on the
surface of semiconductor, while the scavenger captures holes left behind in valence
band to prevent positive charge accumulation; (c) encapsulation is not a common
technique for the preparation of catalysts; rather, it is merely a way to organize or
fabricate catalyst composites, which is typically accomplished through the application
of other methods. Encapsulation, on the other hand, is extremely beneficial because it
inhibits the aggregation and growth of Au nanoparticles, which ultimately leads to an
improvement in the stability of nanostructure. Zhang et al. developed and manufactured
a sandwich-structured SiO,@Au@TIiO, plasmonic-semiconductor core-shell hybrid
nanostructures by combining simple and direct sol-gel and calcination procedures.®
Nanostructures with a Au coreand a titanium dioxide (TiO,) shell are prepared

hydrothermally and come in a variety of morphologies,® %

in which, firstly, spherical
Au nanospheres are developed by reducing HAuCIl, with trisodium citrate, and then
shell of TiO; is formed on the as prepared Au nanoparticles by hydrolyzing TiF4 in a
hydrothermal environment (Scheme 2.4). The concentration of TiF, present enables one

to manipulate the shape of the TiO, shell.**
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TiF,
—
Hydrolysis

Au nanoparticles Au-TiO, core-shell
nanoparticles

Scheme 2.4. Schematic representation of synthesis hybrid metal-semiconductor

nanostructures.

In chapter 5 of the current thesis, it is reported that the methodology described above
can be utilized to develop a rational procedure for the synthesis of unique nanopetal

shape of ZnO surrounding Au nanostar.
2.2. Synthesis of rectangular DNA origami

To construct rectangular DNA origami, M13mpl8 single-stranded bacteriophage
genomic DNA with 7249 nucleotides served as a scaffold DNA as well as 213 short
staple DNA sequences were employed to direct its folding (Scheme 2.5). The plan
replicated the one described in Paul Rothemund's pioneering paper on DNA origami.*?

+ 50— I

M13MP18 single e
stranded Staple DNA Rectangular DNA

DNA scaffold strands origami

Scheme 2.5. Schematic representation of fabrication of rectangular DNA origami.

The thermal annealing method was used for the self-assembly of DNA origami
structures. Scaffold DNA was heated to 90°C together with folding staple strands in a
single pot for the reaction, which was then cooled to 20°C. Due to the presence of
random complementary bases, a single-stranded scaffold DNA has several
internal secondary and tertiary structures.”* At room temperature, these structures
prevent staple strands from binding. On heating at 90°C, all internal structures are
removed, leaving the scaffold DNA stretched.** All staples bind to scaffold DNA to
form the designed structure with the lowest energy configuration on slow cooling. A
Bio-Rad PCR thermocycler (Model no.C1000 Touch) using a 1.5-hour folding program
folded the DNA origami structures. The folding reaction mixture volume was 50 puL,
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with scaffold DNA, modified staple strands, and unmodified staple strands at 2, 10, and
20 nM in 1XTAE-Mg?* buffer (40 mM Tris, 20 mM Acetic acid, 2 mM EDTA and 12.5
mM Magnesium chloride, pH 8.0). The folding staple concentration was higher than the
scaffold concentration so that all scaffold strands could access all staple strands, leading
to correctly folded structures. Divalent cations like Mg*? in the 10-20 mM (generally,
12.5 mM concentration is suitable for folding) range help origami structures fold by
counteracting the negative charges of the phosphates in the DNA backbone and
reducing the repulsion between scaffold and staple strands.* Rectangle DNA origami
structures aggregate due to strong stacking interactions of blunt ends present on the left
and right edges of structures.*’ Eliminating the edge staples (12 each side) keeps the
scaffold DNA unfolded and inhibits aggregation.*®

2.3. Fabrication of DNA origami assembled plasmonic nanoparticles

DNA origami has proven as an efficient method for the programmable self-assembly
of nanoparticles, making it one of the most promising recent developments in the
field.*® Throughout DNA origami structure, the sequence used in each folding staple is
unique, and the position of each staple is predefined to bind to a particular position on
the scaffold.*” An individual binding site on the template can be created by modifying
and extending the sequence of a folding staple.® Nanoparticles that have been
functionalized with a sequence that is complementary to the linker DNA (denoted by
black curvy lines on the surface of DNA origami having bases complementary to bases
of single stranded DNA functionalized with metal nanoparticle) are guided to a
particular location on a pre-assembled DNA origami template, where they bind
(Scheme 2.6).

5

gy
“F&“

d‘:{;ﬂ [ —————
SEESES TR * %E% = VE=s
e — P g Gy
E— DNA functionalized toiictiiy et

nanoparticle

Rectangular DNA origami DNA origami

templated nanoparticle

Scheme 2.6. Schematic representation of immobilization of Au nanoparticle on DNA
origami. (Black curvey lines indicate short staple strands and green lines on
nanoparticle indicate single stranded DNA)
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In this thesis, fabrication of DNA origami-templated Ag coated Au nanostars was

carried out and reported in chapter 6.
2.4. Characterization techniques
2.4.1. UV-Vis spectroscopy

To analyze the presence or absence of species in a sample that absorb light in the near-
ultraviolet (180-390 nm) or visible range, ultraviolet-visible (UV-Vis) spectroscopy can
be used which is a quantification characterization technique. A typical UV-VIS

spectrophotometer setup is shown in Figure 2.1.

Reference

Data output Detector Monochromator  f——

| ] v

Sample

Deuterium /
Tungsten lamp

Figure 2.1 Depiction of UV-Vis spectrophotometer set up. (Image taken from
Wikipedia).

The energy needed to excite the molecules from ground state to excited state dictates
the wavelength of absorption. When less energy is needed for excitation, a longer
wavelength of absorption is observed, and vice versa when more energy is needed. The
Beer-Lambert law underlies the fundamental operation of UV-Vis spectrophotometers.
This law states that the rate at which a beam of monochromatic light loses intensity as it
passes through a solution containing an absorbing substance is proportional to the
concentration and thickness of the solution and the incident radiation. Beer-Lambert law

is represented by equation 2.1.
A =logq (170) = ecl Equation 2.1

In this equation, A is the absorbance value, I, is the incident light intensity on a sample
cell, 1 is the transmitted light intensity, | is the path length through the sample (usally 1

cm), ¢ is the concentration of the absorbing species, and € is a constant known as
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extinction coefficient or molar absorptivity. This constant, defined in units of M*cm™,
is a fundamental property of molecules in a specific solvent at a fixed temperature and

pressure.

If a molecule takes in enough energy in the visible or ultraviolet spectrum, the absorbed
photons will cause an electron to jump to a higher energy molecular orbital, creating an
excited state. It is postulated that there are four different kinds of transitions take place:
n-n*, n—n*, o—c*, and n—o* (Figure 2.2). The plot of absorbance (A) versus wavelength
(A) that is produced by a UV-Vis spectrophotometer is referred to as a spectrum. This
instrument measures the degree of absorption that a sample exhibits at various
wavelengths. The maximum amount of light absorbed by a sample at a particular

wavelength is referred to as the Amax.

o* (anti-bonding)

n* (anti-bonding)

> o*

n

Energy
v
:l*
=]
—¥
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A
4
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Q

n (bonding)

o (bonding)

Figure 2.2. Transitions on an electronic level between bonding and anti-bonding states.

In this thesis, UV-visible spectroscopy was utilized to record the UV-visible absorption
spectra of spherical Au nanoparticles, Au nanostars, bimetallic Au@Ag bimetallic
nanostars, Au nanoparticles decorated on Silica nanoparticles, spherical SiO,@Au
nanoparticles, SiO,@Au nanostars, and hybrid Au@ZnO nanostructures. Every single

UV-Vis spectrum was captured by a Shimadzu UV-2600 spectrophotometer.
2.4.2. Dynamic light scattering (DLS) and zeta potential study

Dynamic Light Scattering is a method for measuring the size of particles, typically in
the sub-micron range. This method is also known as Photon Correlation Spectroscopy
and Quasi-Elastic Light Scattering. Brownian motion is measured by DLS, and the size

of the particles is determined based on this measurement. Brownian motion refers to the
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random movement of particles that occurs as a result of the particles being bombarded
by the surrounding solvent molecules. These collisions cause a transfer of energy
among the particles, which in turn causes the particles to move in some direction. When
dealing with larger particles, the Brownian motion will decrease accordingly. Particles
with a smaller diameter are "kicked" further by the molecules of the solvent, and as a
result, they move at a faster rate. Brownian motion is described by a property generally
regarded as the translational diffusion coefficient (D), which determines the velocity of
the Brownian motion. The Stokes-Einstein equation describes the relationship between

the speed at which the particles travel and the particle size (Equation 2.2).

d(H) =L Equation 2.2

3nnD

Where d(H) denotes the hydrodynamic diameter, k denotes the Boltzmann's constant, D
denotes the translational diffusion coefficient, n denotes the viscosity of the sample
medium, and T denotes the temperature of the system. DLS is typically applied to the
measurement of particles that are suspended in a liquid. A typical DLS instrument looks
like the one depicted in Figure 2.3 and is made up of a single frequency laser which is
aimed at a sample in a cuvette. The incident laser scatters in all directions and can
detected at a specific angle after a certain amount of time has passed. By applying the
Stokes-Einstein equation (Equation 2.2) to the scattered light, one can calculate the
diffusion coefficient as well as the size of the particles. In DLS, analysis of the scattered

light intensity is done as a function of time.

Detection path _Detection angle, 6
detector ﬂ o lUMinating
e e laser
/
Sample cuvette Dispersed sample

Figure 2.3. llustration of the Dynamic Light Scattering apparatus.*

The zeta potential of a particle can be thought of as a physical property which is shared
by all particles in suspension. It is possible to employ it in the process of formulating

optimal suspensions and emulsions. Additionally, it is helpful in determining the
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possibility of long-term stability. There are two parts of the liquid layer that surrounds
the particle: an inner region known as the Stern layer, which is where the ions are
strongly bound, and an outer region known as the diffuse region, where they are
associated with each other less firmly (Figure 2.4). There is a notional boundary located
inside the diffuse layer. Inside this boundary, the ions and particles combine to form a
stable entity. lons within the boundary move particles due to gravity. The bulk
dispersant retains ions beyond the boundary. This boundary potential (surface of
hydrodynamic shear) is referred to as the zeta potential.

! Electrical double
| layer
L+ 5
! Slipping plane
|
) /
(&) Particle with negative
surface charge

Stern Iayerf i Diffuse layer
-100 v

m\/:l
1N

Distance from particle surface

Figure 2.4. Schematic representation of zeta potential.*

The strength of the zeta potential can be interpreted as an indication of the colloidal
system's potential stability. If all of the particles in suspension have a large zeta
potential that is either negative or positive, then they will have the tendency to repel
each other, and there will be no tendency for the particles to come together. If, on the
other hand, the particles have low zeta potential values, there will be no force to prevent

the particles from coming together and they flocculate.

For the current thesis, DLS measurements were carried out for the purpose of
determining the hydrodynamic diameter of silica nanoparticles, as well as spherical
SiO,@Au nanoparticles. Additionally, the zeta potential of only silica nanoparticles
and amine-functionalized silica nanoparticles was measured using DLS. The Malvern
zetasizer nano ZSP instrument equipped with a HeNe laser was used to carry out the
DLS measurements.
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2.4.3. Powder X-ray diffraction (XRD)

X-ray powder diffraction (XRD) is a relatively quick analytical method that is primarily
utilized for figuring out the atomic and molecular structure of a crystal. When an X-ray
beam is directed at a crystalline sample, the crystallized structure of the sample causes
the incident X-rays to diffract into a range of different directions. A crystallographer is
able to generate a three-dimensional view of the density of electrons inside a crystal by
determining the intensities and angles of these diffracted beams. The average positions
of the atoms in the crystal, the chemical bonds between them, the crystallographic
disorder, and a variety of other pieces of information can be deduced from the electron

density of the crystal.
Bragg’s law

The diffraction of X-rays by a crystal was first explained by Lawrence Bragg, who did
so by modeling the crystal as a collection of discrete parallel planes that were separated
by a constant parameter d. He proposed that when X-ray radiation with a wavelength
comparable to the atomic spacings 2-3 A is incident on a crystalline system, the
radiation will scatter from the lattice planes that are separated by the interplanar
distance d. Bragg's peak is seen to appear whenever the scattered waves go through the
process of constructive interference. The term "constructive interference” refers to a
situation in which the path lengths of the two waves are equal to an integer multiple of
the wavelength of the X-rays that are incident. The difference in path length between
the two waves that are interacting due to interference can be expressed as 2dsinf, where
0 is the glancing angle (Figure 2.5). In Bragg's law, the condition on that must be met

for the constructive interference to be at its highest is represented by the equation 2.3.
2dsin® = ni Equation 2.3

Where n is greater than zero and is the wavelength of incident light. The wavelength of
X-rays that is most commonly used is the characteristic Ko radiation, which has a value
of 2 =1.5418 A and is emitted by copper.
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Figure 2.5. Bragg’s law of diffraction. (Image take from Wikipedia).

For the purpose of recording the X-ray diffraction pattern of silica nanoparticles,
spherical SiO,@Au nanoparticles, and hybrid Au@ZnO nanostructures, powder XRD
was utilized in this thesis. XRD patterns were captured by a Bruker Eco D8 setup
illuminated by Cu Ka radiation (A = 0.154056 nm).

2.4.4. Fourier transform infrared (FTIR) spectroscopy

Infrared spectroscopy (IR), is a technique which has been employed extensively for the
identification and structural analysis of various chemical compounds. Infrared radiation
is a type of electromagnetic radiation that has a wavelength range from 700 nmto 1
mm. This region of the electromagnetic spectrum is known as the infrared region. The
IR spectrum can be split into three bands: the near IR 0.8-2.5 um (12500-4000 cm™),
the mid IR 2.5-25 um (4000-400 cm™), and the far IR 25-1000 pm (400-10 cm™). When
molecules are subjected to infrared irradiation, the molecules' dipole moments shift
because of the absorption of radiation at a certain wavelength. A peak appears in the
infrared spectrum when the absorbed radiation's frequency coincides with the
vibrational frequencies. The frequency of vibration can be calculated using equation
2.4.

y = =k Equation 2.4

2Tl 1L

Where k is the force constant and p is the reduced mass. The excitation of vibrational
modes of the chemical bonds and functional groups present in the molecules is
represented by peaks in the IR spectrum of a sample, which can be found by using an
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infrared spectrometer. Therefore, the IR spectrum of a compound reveals information
about its structure and is frequently referred to as the compound's "fingerprint.” Because
the majority of inorganic and organic compounds show absorption in this region, an IR
spectrum is typically recorded from 4000-400 cm™ in normal practice. FTIR
spectrometers are capable of collecting data with a high spectral resolution across a
broad spectral range. The high signal-to-noise ratio, the high accuracy of the
wavenumber readings, the shorter scan times, and the wider scan ranges that FTIR
spectrometers offer are some of their advantages.

In this thesis, FTIR was used for determining the surface functionalities of the
synthesized Si nanoparticles. The FTIR measurements were carried out on an Agilent

technologies Cary 600 series spectrometer.
2.4.5. Raman spectroscopy

The term "Raman spectroscopy” refers to a spectroscopic technique that is based on
vibrational molecular spectroscopy and originates from an inelastic scattering of
incident light. This technique was named after the Indian physicist C.V. Raman. In the
process of Raman spectroscopy, a monochromatic beam of light from laser source is
scattered by the molecules, which causes the energy of the laser photon to either

decrease or increase or same (Figure2.6).

Raman scattered light (E>E,)
'\r\,\,\ﬁ (Anti-stoke)
Incident light (E,) ’\/V\/\r> W Rayleigh scattered light (E=E)

% Raman scattered light (E<E,)

(Stoke)

Figure 2.6. Three different ways of re-emitting incident light.

The amount of energy lost can be observed as a change in the energy (wavelength) of
the incident photon. In the case where the scattered photons have nearly the same
energy as the incident photons, the scattering process is considered elastic and is called

Rayleigh scattering. When nuclear motion is induced while the scattering process is
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taking place, energy will either be transferred from the incident photon to the molecule
or from the molecule to the photon that was scattered. As a consequence of this, the
energy of the scattered photon is either less than or greater than the energy of the
photons that initially entered the system. The term "Raman scattering” is used to
describe this type of scattering. If the frequency of the scattered photon is becoming
lower, this is referred to as the stokes frequency, and if the frequency ends up being
higher, this is referred to as the anti-stokes frequency. This energy loss/gain is unique to
a specific bond in the molecule and is a characteristic of the bond (Figure2.7).

Vibrational
E;

Energy

"""""""""""""""""""""""" C i } Virtual
- .<J energylevels

Eo

Stokes Rayleigh Anti-Stokes
Raman scattering Elastic scattering Raman scattering

Figure 2.7. Energy level diagram indicating the transitions involved in Raman

scattering.™

The scattered photons of light consist almost exclusively of Rayleigh and only contain a
negligible amount of Raman scattered light about only one in every 10° —10° photons.
Though not all molecular or vibrational motions are Raman active, motions that cause a
shift in the polarizability ellipsoid display strong Raman scattering. The most noticeable
shifts and scattering typically result from symmetric vibrations. Raman is best
understood as the generation of a precise spectral fingerprint, specific to a molecule or,
more accurately, a specific molecular structure. Thus, it is comparable to Fourier
transform infrared (FT-IR) spectroscopy, which is more common. In contrast to FT-IR,
Raman has a number of distinct benefits: (1) Since Raman is not affected by the large
water absorption effects seen in FT-IR technique, it has the potential to analyze aqueous

solutions; (2) In solution, the concentration of a species determines how strongly its
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spectral features are exhibited; (3) Almost no sample preparation is necessary for
Raman. Nujol and KBr matrices are unnecessary. Both Raman and mid-infrared
spectroscopies are complemented to each other. In general, symmetric vibrations of
non-polar groups are best analyzed using Raman spectroscopy, whereas asymmetric

vibrations of polar groups are best analyzed using infrared spectroscopy.

A Raman system includes the following four major components (Figure 2.8): a laser
excitation source, a sample illumination system and light collection optics, a
wavelength selector (either a filter or spectrophotometer), and a detector (photodiode
array, CCD or PMT). Laser beams with wavelengths in the ultraviolet (UV), visible
(Vis), or near infrared (NIR) ranges are typically used to illuminate a sample. In order
to obtain the Raman spectrum of a sample, scattered light must first be collected using a

lens, after which it must be passed through an interference filter or spectrophotometer.

microscope dichroic cylindrical
objectlve mirror lens
- 6 g
>
sample
CCD
detector
— Ivibrational
= |} frequency
R 4
position
spectrometer on sample

Figure 2.8. Schematic depiction of Raman spectrometer.

In chapters 3 and 4 of this thesis, a confocal Raman microscope was used to monitor the
photocatalytic conversion of PATP molecules in DMAB through SERS measurements
and also recorded SERS of rhodamine B dye using SiO,@Au nanostars. Throughout
the investigation, a confocal Raman microscope (Witec alpha 300 R) that was paired
with an upright optical microscope (Zeiss) was utilized. The measurements were taken
in air with lasers having wavelengths of 532, 633, and 785 nm and using objectives of
10 %, 50 x, and 100 x.
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2.4.6. Atomic force microscopy (AFM)

Atomic force microscopy, also known as scanning force microscopy (SFM), is a type of
scanning probe microscopy (SPM) that has a very high resolution. It has a resolution
that has been demonstrated to be on the order of fractions of a nanometer, and is more
than 1000 times better than the optical diffraction limit. Using a mechanical probe, the
information is collected by "feeling" or "touching" the surface of the object. Images are
produced by an AFM by moving a cantilever (Figure 2.9), which is relatively small,
across the surface of a sample. The cantilever is bent when it makes contact with the
surface because the sharp tip at the end of the cantilever presses against the surface.
This causes a change in the amount of laser light that is reflected into the photodiode.
After that, the height of the cantilever is tuned in order to regain the response signal.

This action causes the caliberated cantilever height to trace the surface.

Detector and
feedback

electronics

Photodiode
Laser

Cantiliever
& tip

4,\

Sample surface =

Figure 2.9. Depiction of an atomic force microscope. (Image collected from Wikipedia).

The operation of an AFM can typically be categorized into one of three modes based on
the type of tip motion being performed: contact mode, tapping mode, and non-contact
mode. In the contact mode, the tip is raster-scanned all over the surface, and the lever is
deflected as it moves across the topography of the surface. Because the cantilever is
kept at a distance of less than 10 m from the sample during the experiment, the
interatomic force that acts between the sample and the cantilever is repelling. In the
non-contact mode, the spacing between the cantilever and the sample surface is in the

range of tens to hundreds of A. In this mode, the interatomic forces exert an attractive
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force on the system. The tapping mode is a type of intermittent mode that moves back

and forth between the contact and non-contact modes.

In chapter 6 of this thesis, tapping mode AFM imaging of DNA origami and DNA
origami templated Au@Ag nanostars was done. Mica disks were used for the
preparation of AFM samples (V1 quality). The Bruker Multimode 8 scanning probe
microscope, silicon cantilever from Bruker, and Budget sensors (Tap150Al-G) with a

force constant of 5 N/m were used in this study.
2.4.7. Transmission electron microscopy (TEM)

The transmission electron microscope is an extremely effective instrument in the field
of material science. Since it is a quantitative technique, it reveals specifics about the
size, shape, and distribution of nanostructures, among other structural characteristics.
An electron beam with a high energy is shone across a very thin sample and the
morphological features of the sample can be observed based on the interactions that
occur between the atoms and the electrons. The image is produced through the use of
the electrons that are transmitted. TEM is based on the same fundamental principles as
the light microscope, but it utilizes electrons rather than light. The wavelength of
electrons is significantly shorter than that of light, so the optimal resolution that can be
achieved with TEM images is many several orders of magnitude superior than that
which can be achieved with a light microscope. Therefore, TEM can show even the
most minute aspects of a material's internal structure. When applied to visible light,
Abbe's equation can produce an approximation of a resolution limit (d) of
approximately 200 nm in a light microscope which is limited by wavelength of photons
(Equation 2.5).

d =22 Equation 2.5
2NA

Where, A is wavelength of light and NA is numerical aperture. According to the theory
of Louis-Victor de Broglie, electrons possess both wave and particle properties.
Because electrons behave like waves, a beam of electrons can be focused and diffracted
in a manner that is analogous to how light behaves. Using the de Broglie equation, one
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can determine a relationship between the wavelength of electrons and their kinetic

energy (Equation 2.6).

Ae = h Equation 2.6

2moE(1+ )

2mg 52

Where, h is Planck’s constant, mg is electron rest mass, and ¢ is speed of light.
Electrons are accelerated using various accelerating voltages and focused using
electromagnetic and electrostatic lenses on the sample. The electron density, periodicity,
and phase can all be determined from the transmitted beam of electrons, which is then
used to create an image. Accelerating voltages between 80 and 120 kV are typically
used on biological samples. Samples with lower sensitivities can tolerate higher
voltages around 200 kV. The typical instrumentation set up of TEM is shown below
(Figure 2.10).

Electron gun | |

3

Condensor aperture___
(

Specimen port .. Objective aperture

> St |
L i Objective lens

q [ —f
Vs j I <J|| Diffraction lens
Intermediate aperture | <A A |

> Intermediate lens

Projector lenses

Binoculars

_iFluorescent screer

et z = .-

d Image recording system

Figure 2.10. Diagrammatic representation of a transmission electron microscope.

(Image collected from Wikipedia).
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The electron gun and the condenser system are the two components that make up the
lighting system. An electron beam is produced by the electron gun, and it is directed
toward the sample. Crystals of lanthanum hexaboride (LaB6) serve as the electron
source in modern TEM. The electron beam that was generated is concentrated on the
sample by the condenser system. The objective lens, the condenser lens, the
intermediate lens, the projector lens, and the movable specimen stage make up the
image-producing system. The primary beam is formed by the condenser lens, and the
image is initially magnified by the objective lens. The image produced by the objective
lens is then magnified by the intermediate lenses after it has passed through the
objective lens. At long last, the projector lens broadens the beam so that it can be
projected onto a fluorescent screen. TEM has an image recording system that consists of
a fluorescent screen and a CCD camera. The fluorescent screen is used to view the

sample, and the CCD camera converts this electron image in to digital image.

2.4.7.1 HAADF-STEM (high-angle annular dark-field scanning transmission

electron microscopy)

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) is a STEM technique that utilizes an annular dark-field (ADF) detector to gather
inelastically scattered electrons or thermal diffuse scattering (TDS) at high angles (~50
to appropriately high angle). Displaying the electrons' integrated intensities in
synchronization with the incident probe position yields a STEM image. Due to the
HAADF's image intensity being proportional to the square of the atomic number,
heavier atoms can be easily observed due to their greater brightness, while lighter atoms
are more challenging to observe due to their lower intensity. There are two main factors
that make the HAADF image simple and easy to understand: (1) Due to the small size
of the TDS scattering cross section at the high angles required for imaging, no multiple
scattering occurs. (2) For imaging purposes, the electron interference effect is
suppressed (non-interference image). The diameter of the incident probe on the
specimen determines the resolution of the HAADF image. Better than 0.05 nm
resolution is achievable with a high-performance STEM instrument. A schematic

representation of ray diagram of HAADF is shown in Figure 2.11.
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Figure 2.11. Schematic representation of ray diagram of HAADF. (Reproduced with
permission from ref.>*, 2012 American Vacuum Society )

In this thesis, TEM has been utilized for the purpose of determining the size
and morphology of as synthesized Au nanoparticles, silica nanoparticles, DNA origami,
and Au-ZnO hybrid nanostructures. Imaging biological samples without first staining
them can be challenging owing to the fact that the scattering effect is related to the
square of the atomic number. Therefore, negative staining with uranyl acetate was
performed in order to image DNA origami. The transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HRTEM), electron
dispersive x-ray spectroscopy (EDX), and scanning transmission electron microscope -
electron dispersion x-ray spectroscopy (STEM-EDX) were performed with a JEOL
model 2100 instrument at an accelerating voltage of 200 kV for nanoparticles and 120
kV for DNA origami. The JEOL JEM 200F system was used to acquire HAADF-STEM
mapping images of Au@Ag nanostars, SiO,@Au nanostars, and Au@ZnO
nanocomposites, and the accelerating voltage was set to 200 kV throughout the process.

2.4.8. X-ray Photoelectron spectroscopy (XPS)

X-ray Photoelectron spectroscopy (XPS) is a technique that uses X-rays to irradiate a
sample's surface and then measures the photoelectrons’ kinetic energy as they escape the
sample (XPS). By employing this technique, researchers are able to examine the surface
of a sample in detail, learning about its chemical bonds, and the elements along with
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their oxidation states which make up its composition. It is basically a surface analytical
method as it can be used on a wide variety of materials and offers useful quantitative
and chemical state details from the surface of the sample being analyzed. XPS works by
using the guidelines of photoelectric effect: When X-ray beam having sufficient
energy hits the sample, i.e., if photon energy is higher than the binding affinity of the
core electron, the core electrons become excited, leave the atom, and emit out of the

surface. Binding energy of solids is calculated by the following equation (Equation 2.7).
BE = hv — KE — (¢) Equation 2.7

Where BE represents the binding energy of the atom from which the electron has been
ejected, KE stands for the kinetic energy of the electron, and @ stands for the work
function. In the XPS, the sample is subjected to irradiation by soft X-rays with an
energy range of between 200 and 2000 eV to remove the electron from core. Ultra
violet rays have the ability to eject valence electrons, which, in turn, provides
information about the bonding in molecules. This technique is referred to as "Ultraviolet
Photoelectron Spectroscopy (UPS)". The monochromatic beam is able to penetrate the
sample to a depth of a few nanometers (between 3 and 10 nm for an Al Ka), and the
emitted electrons are then directed to the analyzer by means of magnetic or electrostatic
lenses. When the number of electrons ejected is plotted against their binding energy, an
XPS spectrum is produced. In an XPS spectrum, a group of peaks appear; these
peaks further assist in determination of the chemical state as well as the electronic state
of the material being observed. Figure 2.12 illustrates the components that are included
in a commercially available XPS system. These components include a source of X-rays,
an electron collection lens, an ultra-high vacuum (UHV) stainless steel chamber with
UHV pumps, an electron energy analyzer, an electron detector system, Mu-metal
magnetic field shielding, a modest vacuum sample introduction chamber, a sample

stage, sample mounts, and a set of stage manipulators.
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Figure 2.12. The fundamental parts of a monochromatic XPS setup. (Image is taken
from Wikipedia).

In the present this we have used X-ray photoelectron spectroscopy (XPS) on ECSA:
220-IXL with MgKa is used for further investigation of elements. The MgKa used is

non-monochromated X-ray beam with photon energy 1253.6 eV.
2.4.9. Electrochemical Studies

Electrochemical methods typically involve the use of an electrochemical cell with an
electrolyte and conducting electrodes dipped in the electrolyte to measure the reaction
to an electric input. Oxidation and reduction are two different types of chemical
reactions that occur as a result of charge transport via the electrode-electrolyte interface.

2.4.9.1. Electrode configuration: Three electrode setup

The working electrode, the reference electrode, and the counter electrode consider
as components of the setup. The glassy carbon (GC) electrode fulfills the role of the
working electrode, Ag/AgCl (3M KCI) electrode serves as the function of the reference
electrode, and platinum electrode playsthe role of the counter electrode. When
measuring the voltage between the working electrode and the reference electrode, the
reference electrode is also connected to the working electrode. If the surface area of the
counter electrode is not greater than that of the working electrode, then the rate of the
reaction will be slowed down, which is a limiting factor. In most cases, potential

difference is applied between the working electrode and the counter electrode. The
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configuration only measures one half of the cell, but it enables a more accurate study of

the specific reaction.

In chapter 6 of this thesis, all the electrochemical measurements were carried out using
Metrohm Autolab (Multichannel-204) connected to a standard three-electrode
electrochemical cell using Nova 2.1.4 software. For the electrochemical measurements,
the samples were coated on a GC electrode which acted as the working electrode.
Platinum (Pt) and Ag/AgCl (3M KCI) electrodes were used as counter electrode and
reference electrode for the electrochemical OER studies, respectively.

2.4.9.2. Electrochemical techniques
2.4.9.2.1. Linear and cyclic sweep voltammetry

The linear sweep voltammetry (LSV) illustrates the sweeping of voltage at a constant
rate to potential range. This is done by measuring the voltage across the potential
window. If the same scan is performed multiple times in a row, the method is known as
cyclic voltammetry, and the voltammogram is a representation of the data recorded in
the form of current versus potential. The LSV recorded at a slow scan speed can serve
as a valuable method for obtaining the Tafel slope, and it can also define the mechanism
by which the reaction proceeds. In cyclic voltammetry, surface properties such as oxide
formation, mass loading, and morphology of the catalyst are evaluated via the electrode-
electrolyte interface. The number of cycles, scan rate, and potential range are the other
factors that are taken into consideration in this evaluation. The repeated cycles are used
to determine the durability of the catalyst, which is something that can be demonstrated

more convincingly through long-term electrolysis at a particular current density.
2.4.9.2.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is a useful technique that elucidates the
electrochemical properties of various coatings, surfaces, catalysts, and interfaces etc. It
is now unavoidable to not use EIS in a variety of subfields of energy research where
current, potential, and charge all play important roles in determining performance. EIS

correlates activity trends by measuring charge transfer resistances (R¢). The Rt values
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of the various electrocatalysts that were investigated primarily serve the purpose of
benchmarking the activity. By deducting the resistance (iR) from the applied potential
(E), one can arrive at the corrected potential (Ecorrected). The corrected potential is known

as “iR corrected” (Equation 2.8).

Ecorrectea = E — iR Equation 2.8
Where, iR is the total circuit resistance.
2.4.9.2.3 Stability

It is essential to consider both electrocatalytic activity and long-term stability when
choosing materials or electrocatalysts for an electrochemical reaction. Because of its
high efficiency, an electrocatalyst is used, but it also needs to be resistant to corrosion
and stable in aggressive environments such as highly acidic and basic conditions during
OER and HER reactions.

In this thesis, LSV cycles at a constant scan rate were used to test the electrocatalysts'
stability. Furthermore, designed catalysts' stability was examined across a broad range
of applied potential and current in chronopotentiometry and chronoamperometric

studies, respectively.
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3.1. Introduction

Tuning the size and shape of nanostructures made of noble metals like gold (Au) and
silver (Ag) is a proven method for attributing their physical and chemical properties for
use in a wide range of fields, including physics, chemistry, biology, and materials
science. The surface plasmon resonance (SPR) has made plasmonic metal
nanostructures of great interest and led to their widespread use in a variety of
applications such as catalysis, surface plasmon resonance sensors,® photothermal
therapy” and SERS.? In particular, localized surface plasmon resonance (LSPR) assisted
catalysis has shown potential as a novel route for studying chemical responses on
plasmonic metal nanostructures with the aid of SERS. Various SPR-assisted chemical
reactions such as photochemical isomerization," polymerization,” photocatalytic
reactions,® ” and photodissociation® have been examined using SERS. SERS is typically
amplified by plasmonic metal nanostructures, which can produce fingerprint

information down to the single molecular level with extreme precision and sensitivity.®

Surface plasmon resonance (SPR) driven photocatalytic reactions have received a lot of
interest because of their convenient approach, as well as the highly energetic hot charge
carriers (electrons and holes) produced by the decaying of SPR in contrastto the
electrons generated by conventional photocatalytic materials.’® Previous research
concentrated primarily on utilizing different morphologies of monometallic metal
nanostructures, such as spheres and nanorods with tunable SPR band positions.
However, the catalytic activity of such plasmon-based photocatalysis highly depends on
the rational design of the plasmonic nanomaterials. In addition to studies showing the
development of monometallic nanomaterials, a few studies have shown the
development of bimetallic nanostructures, such as alloy and core-satellite
superstructures, that increase photocatalytic activity by tuning the SPR. bimetallic
nanostructures comprised of plasmonic nanoparticles were used to induce or enhance
the oxidation'! and facilitate coupling reactions*? due to its enhanced reactivity, product

selectivity, specificity and optical sensitivity via binary structures formation.*®
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Plasmonic nanostructures have been utilized for understanding the plasmon-driven
chemical reactions by taking a model coupling reaction, the conversion of p-
aminothiophenol (PATP) into 4,4'-dimercaptoazobenzene (DMAB) monitored through
SERS measurements. PATP molecules have attracted a lot of attention because of their
potential uses in electronic systems and their function as a Raman probe molecule that
generates a potent SERS signal upon intense interaction with plasmonic metallic
nanostructures.* The catalytic conversion reaction from PATP to DMAB monitored
through SERS is used for gaining an understanding of the dynamics of hot carriers and
charge transfer from the metal surface to the molecule.’® Pioneering works on the
dimerization of conversion of PATP to DMAB were reported using spherical Au and
Ag nanoparticles based on the SERS technique as PATP is a Raman active molecule,
and the new vibrational modes which are generated due to the formation of DMAB can
be enhanced by Au and Ag nanostructures.’®*® For example, Osawa and co-workers
recorded the SERS of PATP and they found that new peaks were emerging which were
then considered as enhanced so-called “b,” modes of PATP molecule.'® Later on, other
groups®® % have shown that new peaks were appearing as a result of the dimerization of
PATP molecule into its dimeric product DMAB. This conversion procedure occurs
through the charge transfer of LSPR excited electrons to oxygen which adsorbed at the
metal surface, enabling the utilization of visible light for oxidation reactions.?*?°
Recently, Anderson et al reported the use of multimetallic Au/AgAu nanorattles which
contained a nanosphere within a nanoshell, towards SPR mediated oxidations by
utilizing the plasmon concoction idea.'® However, even though a variety of
monometallic'” and bimetallic?’ nanostructured materials have been exploited for
plasmonic catalytic conversion of PATP to DMAB, still relatively little focus has been
placed on the investigation of bimetallic gold (core) and silver (shell) nanostars (Au/Ag
NSs) shape structure in the chemical reaction. Multiple studies showed that compared to
spherical or rod-shaped Au nanostructures, Au nanostars with sharp tips significantly
increase the catalytic efficiency of semiconducting material in the visible and NIR
region. The reason is that there are more hot electrons near the interface because of the
extremely enhanced electromagnetic field surrounding the sharp spikes.?® As a result of

the strong field enhancement at the nanostars' pointed tips, this shape is well suited for
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SERS applications.? In addition, by simply varying the thickness of the Ag coating
over the Au nanostars, the LSPR band can be tuned over a range of wavelengths,
bringing together the enhanced plasmonic properties of Ag and the chemical stability of
Au in a single bimetallic Au/Ag nanostructure.®® As both optical and catalytic properties
of such nanostructures can be tuned by controlling the morphology (such as the
sharpness and number of tips surrounding the core) and varying shell thickness of the
nanostructures, controlled design of nanomaterials like these open the door to plasmonic

catalysis's potential for mechanistic insight and efficiency improvement.

In this chapter, We have included synthesis of anisotropically shaped Ag coated Au
nanostars, i.e., bimetallic Au/Ag nanostars, and carried out spectral, structural, and
microscopic studies. In bimetallic nanostructures, strong plasmon mixing between the
Au and Ag segments of the Au/Ag nanostars can prompt a great extent in
electromagnetic and chemical enhancements compared to its individual counterparts in
a controllable manner without relying on the unbridled assembly among individual
nanostructures. Hence, this unique shape of bimetallic Au core/Ag shell nanostars was
used in a plasmon-driven photocatalytic reaction using a model oxidative coupling
reaction i.e., conversion of PATP into DMAB on the Au/Ag nanostars surface. The
emergence of “b,” modes related to —N=N- vibrational modes in SERS spectrum of
PATP in Au/Ag nanostar solution predicted the formation of dimerized product of
PATP. In order to gain insight into their plasmonic catalytic efficiency of Au/Ag
nanostars, the concentration dependent SERS was recorded under neutral, basic and
acidic conditions. The time dependent SERS performances were also carried out in
order to get the completion time for this conversion. This chapter demonstrates
the efficiency of Au/Ag nanostars in promoting the conversion of PATP to DMAB, as
well as whether Au/Ag nanostars are superior to their pure metal counterparts or not.
Therefore, the research provided in this chapter paves way to new opportunities for the
application of plasmonic photocatalysis in conversion reactions and the synthesis of

organic molecules.
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3.2. Experimental Section
3.2.1. Materials

L- Ascorbic acid, Gold chloride trihydrate (HAuCl,. 3H,0), Sodium dodecyl sulphate
(SDS), Silver nitrate (AgNO3), Ammonium hydroxide solution (NH4OH) 25%,
Hydrochloric acid (HCI), Trisodium citrate dihydrate, Sodium hydroxide (NaOH), Para-
aminothiophenol (PATP), and Soduim chloride (NaCl) were purchased from Sigma-
Aldrich. Ethanol (absolute for analysis) was purchased from Merck. All the reagents
were used without further purification. Milli-Q (MQ) water was used during the

experiment.
3.2.2. Experimental procedures
3.2.2.1. Synthesis of silver coated gold nanostars (Au/Ag nanostars)

Synthesis of Au/Ag nanostars was achieved by applying an Ag coating to seed-
mediated synthesized Au nanostars (Scheme 3.1). Au seeds were prepared by citrate
reduction method™ as discussed in chapter 2 of the thesis. Briefly, to 12.5 mL of boiling
1 mM HAuCI, solution, 2 mL of 1.5% trisodium citrate was added while stirring
vigorously. Within 10 minutes, light yellow solution turned wine red, indicating the
formation of 12-15 nm sized Au nanoparticles. After color stabilization, heating was
stopped and cooled at room temperature with stirring. Then, Au nanostars were
prepared by adding 150 uL of above prepared Au seed solution to growth solution
containing 12.5 mL of 0.2 mM HAuCI,, 12.5 uL of 1 M HCI, and 40 uL of 0.01 M
AgNOs. Upon addition of 62.5 pL of 0.1 M ascorbic acid, color was changed to blue
indicating the formation of Au nanostars.** The prepared Au nanostars were coated with

silver according to modified protocol.*

After 10 minutes of stirring of Au nanostars
solution, coating with silver was done by adding 24 uL of 0.1 M AgNOs, 24 pL of 0.1
M ascorbic acid, 24 pL of NH,OH solution. After 10 minutes of addition, color was
changed to yellowish purple and then 0.5 mL of 0.1 M SDS was added. The reaction
mixture was further stirred for 10 minutes followed by centrifugation at 4500 RPM for

10 minutes and resuspended in MQ water.
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Scheme 3.1. Schematic depiction of the synthesis of Ag coated Au nanostar

3.2.2.2. Catalysis of PATP to p,p’-Dimercaptoazobisbenzene (DMAB)

To carry out the conversion reaction of PATP into its dimerized product DMAB by
using Au/Ag nanostars (Scheme 3.2), 1 uM ethanolic solution of PATP was prepared.
20 pL of Au/Ag nanostars solutions were added to 800 uL of 1 uM PATP solution to

have different final concentrations of reaction mixtures.

Au/Ag NSs 532 nm excitation
laser

Scheme 3.2. Schematic depiction of the catalytic conversion of PATP into DMAB using

Au/Ag nanostars.
3.2.2.3. pH dependent studies

To show the effect of neutral, acidic and basic environments on the conversion reaction,
the reaction mixtures of PATP and Au/Ag nanostars were adjusted to pH ~ 7, ~ 4, ~ 10,
respectively. The pH was adjusted using HCI and NaOH solutions. Then, the Raman

spectra were measured.
3.2.2.4. Time-dependent studies

In order to conclude the completion of conversion reaction of PATP into DMAB, time
dependent SERS spectra were measured. For time dependent studies, 20 uL of Au/Ag
nanostars solution was added to 800 uL of PATP solution. At different time intervals

(incubation time of Au/Ag nanostars solution with PATP solution) such as 0 second, 2

89



Interfacial design of gold/silver core—shell nanostars for plasmon-enhanced photocatalytic
coupling of 4-aminothiophenol

seconds, 4 seconds, 8 seconds, 16 seconds, 32 seconds, 64 seconds, 128 seconds, 246
seconds, 512 seconds, and 1024 seconds, NaCl solution was added to reaction mixture
to form solid aggregates. Zero incubation time (0s) means that NaCl solution was added
to Au/Ag nanostars solution followed by addition of PATP solution. The solid
precipitates were collected through centrifugation, dried and SERS spectra were

recorded.
3.2.2.5. Raman measurements

Raman measurements were recorded with a confocal Raman microscope (Witec alpha
300 R) equipped with an upright optical microscope (Zeiss). The measurements were
performed in air using laser light at 532 nm laser (6mW) using 10 x objective (NA =

0.25) to a diffraction limited spot/laser spot diameter of about 2.6pum.
3.2.2.6. FDTD (finite difference time domain) simulation

The electric field magnitude, |E| is computed through three-dimensional finite-
difference time-domain (FDTD) modelling for Au nanostar as well as for Ag coated Au
nanostar using commercial-grade simulator Lumerical Software

(https://www.lumerical.com/products/-fdtd/).

Optical and structural characterization of as synthesized Au nanostars, Ag nanostars,
Au/Ag nanostars, were performed by UV-Vis spectrophotometer, XPS, and TEM as

described in chapter 2 of this thesis.

3.3. Results and discussion
3.3.1. Optical and structural characterizations of Au/Ag NSs

The Au/Ag nanostars shape (Au/Ag NSs), a unique family of bimetallic nanostructured
materials, used in this chapter were synthesized in agqueous medium under mild
condition. Our preparation technique depends on consolidating two key ideas, first, the
utilization of Au nanostar as the core for Ag coating; second, an appropriate addition

variety of the Ag salt in the reaction medium during the fabrication procedure. The
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nucleation of Ag coating onto Au NSs was monitored by measuring UV-visible

extinction spectra after washing of as prepared Au NSs solution (Figure 3.1).

0.20

a) Au NSs

b) Au/Ag NSs
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Figure 3.1. UV-Vis extinction spectra of as synthesized (a) Au nanostars, and (b)Au/Ag

nanostars.

Figure 3.1a displays the UV-Vis spectrum of Au NSs where the plasmon peak appeared
at 710 nm. However, in case of Au/Ag NSs, the absorbance band arises at 538 nm
(Figure 3.1b). The plasmon band of the Au/Ag NSs blue-shifts from around 710 nm
down toward 538 nm is attributed to the formation of bimetallic Au/Ag nanostars shape.
The TEM images of Au nanostars without Ag coating and with Ag coating are shown in
Figure 3.2. As it is clear from TEM images that on the as prepared Au nanostars,
coating of Ag is carried out without any morphological change of Au nanostar structure.

The tips of Au nanostars remain intact.
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a) b)

50 nm 50 nm

Figure 3.2. TEM images of (a, b) Au NSs and (c, d) Au/Ag NSs.

The morphology and particle size of as synthesized Au/Ag NSs were characterized by

using transmission electron microscopy (TEM) at neutral pH (Figure 3.3)

Figure 3.3 TEM images of Au/Ag nanostars (a) wide view, (b) single Au/Ag NSs, and (c)

the corresponding inverted TEM image, respectively.
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Figure 3.3a reveals a panoramic view of the TEM pictures demonstrating bimetallic
Au/Ag nanostars. Without size sorting, the Au/Ag NSs nanocrystals acquired here
demonstrated great monodispersity. The designed bimetallic Au/Ag nanostars structures
had a profoundly crystalline structure. It has also been seen that the average size of
Au/Ag NSs was found to be 70 + 5 nm (Figure 3.3b). The inverted TEM picture of a
single Au/Ag NS (Figure 3.3c) has obviously shown that during the progress of the
reaction, Ag coated on the preformed Au nanostar leads to a 3D bimetallic Au/Ag
nanostars shape composite nanostructure. The thickness of Ag coating over the Au NSs

was found to be an average of 3.5 = 0.5 nm (Figure 3.4).

Figure 3.4. High resolution TEM images of Au/Ag NS showing the thickness of Ag over
the preformed Au NSs.

To further confirm the Au/Ag NSs, we have investigated as-prepared samples via the
high-resolution transmission electron microscopy (HR-TEM) and HAADF-STEM
analysis. Figure 3.5a displays the HRTEM image of an Au/Ag NS and corresponding
inverse fast fourier transform (IFFT) patterns of the area marked as ‘x’ and ‘y’ (Figure

3.5b and c), demonstrating that the lattice spacing of the observed lattice planes are
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around 2.38 and 2.05 A, which are well suited with the spacing for the (111) and (200)
planes of face centred cubic of noble metals. Strikingly, the d-spacing values of 2.38
and 2.05 A relate to (111) and (200) plane for both cubic Au and Ag nanocrystals,

respectively, and it is difficult to distinguish both the lattice fringe at the same time.

50.0nm

Figure. 3.5. HRTEM images of (a) single Au/Ag NSs, and (b) and (c) IFFT of marked
area x and y of picture (a); (d) HAADF-STEM image, and (e, f) elemental mapping of

Au/Ag nanostars.

However, it is believed that the d-value obtained here might correspond to the lattice
planes of cubic Ag as Ag is coated over Au nanostar. These Au/Ag NSs bimetallic
structures were additionally investigated to get more compositional information by
HAADF-STEM (Figure 3.5d-f). The elemental mapping study unmistakably indicated
that Au, and Ag are the essential components exist (Figure. 3.5e-f) in Au/Ag NSs
bimetallic structures and it was additionally seen that Ag components are uniformly
distributed all throughout Au nanostar structures. These observations successfully prove

that Au/Ag NSs bimetallic structures are formed by the uniform coating of Ag onto Au
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nanostar surface. The TEM- Energy dispersive X-ray (EDX) analysis also revealed the
atomic percentages of Au and Ag in Au/Ag nanostars which are found to be 53.97%

and 46.07%, respectively (Figure 3.6).
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Figure 3.6. TEM-EDX (Energy dispersive X-ray) spectrum of Au/Ag NSs.

In addition, we have also taken UV-vis spectra (Figure 3.7a) and TEM images under
basic (Figure 3.7b, at pH=10) and acidic (Figure 3.8c, at pH=4) conditions and the
results demonstrated that bimetallic Au/Ag NSs are stable and there is no structural

deformation of bimetallic nanostructures with tuning their pH.
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Figure 3.7. (a) UV-Vis extinction spectra of as synthesized Au/Ag nanostars under
acidic and basic conditions. TEM images of Au/Ag nanostars under (b) basic, and (c)
acidic pH. Insets: High resolution images of Au/Ag nanostars.
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Further to know the chemical composition and valence states of the as synthesized
Au/Ag NSs, we have examined the X-ray photoelectron spectroscopy (XPS) studies
(Figure 3.8). Peaks centered at the binding energy of 368.14 eV and 374.05 eV (Figure
3.8a) are attributed to Ag 3ds, and Ag 3ds,, indicating the existence of metallic Ag i.e.,
AgP in the Au/Ag NSs.***° However, XPS spectrum of Au 4f area exhibits two peaks at
binding energy values of 84.11 eV and 87.69 eV which are assigned to Au 4fs;; and Au
4f7p, respectively (Figure 3.8b), and confirms the presence of Au at zero oxidation state
ie, AU’ in the as Au/Ag NSs.* 3 No peak at the binding energy of 84.9 eV
corresponding to Au® were observed indicating that the Au atoms are in metallic form
in this Au/Ag NSs core-shell type nanostructure.®® Thus, from the XPS analysis it is
believed that all of the gold and silver ions used for the fabrication of Au/Ag nanostars

are fully reduced and are in the metallic state.
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Figure 3.8. XPS spectra of Au/Ag NSs: (a) Ag 3d, and (b) Au 4f.

The Au and Ag content in Au/Ag nanostars is provided in Table 3.1, representing the
core-shell Au/Ag nanostars in which atomic ratio of Au and Ag is 51.1% and 48.9%,
respectively as quantified from inductive coupled plasma mass spectrometry (ICP-MS).
Au and Ag concentrations are determined from ICP-MS and their atomic ratio is
calculated by dividing the Au and Ag concentration with molar mass of Au (196.97 ¢
mol™) and Ag (107.87g mol™)
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Table 3.1. ICP-MS (Inductively coupled plasma mass spectrometry) of Au/Ag

nanostars.

Nanoparticles | Au conc. (mg/l) Ag conc. (mg/l) | Atomic percentage
Au/Ag NSs 0.42 0.22 Au: 51.1% and Ag: 48.9%

3.3.2. SERS measurements

3.3.2.1. Au/Ag NSs as SERS substrate and photocatalyst for conversion reaction
Our SERS-based DMAB formation from PATP investigations included the utilization
of intentionally fabricated, bifunctional bimetallic Au/Ag NSs as the SERS active
substrate as well as plasmonic photocatalyst. The Au/Ag NSs were then explored to
investigate the dimerization reaction of PATP molecule into DMAB. First, in absence
of Au/Ag NSs, normal Raman spectrum (NRS) of PATP was recorded by using

excitation wavelength 532 nm (Figure 3.9), showing clearly a strong peak at 1095 cm™

which corresponds to vcs and vec Vvibrations. The Raman signal appear at 1290 cm™
corresponds to vibrations of vey. The signals arise at 1184 cm™ and 1598 cm™ are
designated to Raman vibrations of vcy and vec of benzene ring, respectively. Also,
Raman signal at 1495 cm™ is attributed to Bernand vee vibrations.*® All these vibrational

modes are considered as so-called “a;” symmetric vibrations of PATP.*

200} — PATP

=
a1
o

Intensity/Counts
=
o o

oV
1050 1200 1350 1500 1650
Raman shift (cm?)

Figure 3.9. Normal Raman spectrum of solid PATP.
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It is well known that the SERS of PATP adsorbed on metal surface emphatically rely
upon the concentration PATP molecules as well as delay time and also metal
nanoparticles present in reaction medium. Hence, for comparison reason, we have
performed concentrations dependent SERS study of PATP with Au/Ag NSs under
neutral pH (Figure 3.10). Along with all the characteristic peaks of PATP, the
emergence of three new peaks at 1140, 1392 and 1440 cm™ which are characteristic
peaks of DMAB indicating the formation of dimerized product of PATP. This result
also demonstrated that Raman signal of DMAB decreased with lowering the Au/Ag
NSs concentration. This outcome additionally showed that minimum concentration of
Au/Ag NSs which is required to trigger the chemical dimerization of PATP was found
to be 36 pM.
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Figure. 3.10. (a) Concentration dependent SERS spectra of DMAB formed from PATP
at different concentrations of Au/Ag NSs under neutral conditions and, (b) Time
dependent SERS spectra of DMAB formed from PATP at 36 pM concentration of Au/Ag
NSs.

Again, SERS spectra was recorded at different time intervals (Figure 3.10b) at constant
concentration (36 pM) of Au/Ag NSs to know the acquisition time required the
production of DMAB from PATP. Within 2 seconds of incubation time (at solution
phase) of Au/Ag nanostars solution with PATP solution, the emergence of three new
peaks at 1140, 1392 and 1440 cm™ indicate that the reaction has been started
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immediately. We have observed that the Raman signal became most intense at
incubation time of about 256 seconds and intensity became constant afterwards. The
intensity of characteristic peaks of DMAB became strongest at incubation time of about
256 seconds and got saturated afterwards, indicating the completion of reaction.
Similarly, by adjusting the pH of reaction mixture to basic, concentration dependent and
time dependent SERS spectra were recorded. It was found that under basic conditions
minimum concentration of Au/Ag nanostars which is required to trigger the conversion
of PATP into DMAB was 9 pM (Figure 3.11a) and the characteristic peaks
corresponding to product DMAB were found to be emerging just after 2 seconds of
incubation of Au/Ag nanostars solution with PATP solution and getting saturated after
128 seconds of incubation time indicating the completion of conversion reaction (Figure
3.11b).
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Figure 3.11. (a) Concentration dependent SERS spectra of DMAB formed from PATP at
different concentrations of Au/Ag NSs under basic conditions and, (b) Time dependent
SERS spectra of DMAB formed from PATP at 9 pM concentation of Au/Ag NSs.
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Figure 3.12. Concentration dependent SERS spectra of DMAB formed from PATP at

different concentrations of Au/Ag nanostars under acidic conditions.

When the pH of reaction mixture was adjusted to acidic, then its concentration
dependent SERS spectra were recorded. It was found that under such acidic conditions,
the minimum concentration of Au/Ag NSs which is required to carry out the conversion
reaction of PATP to DMAB was 72 pM (Figure 3.12). Below the concentration of 72
pM at acidic conditions, no peaks correspond to DMAB was observed. The
concentration value at acidic condition is higher than the concentration values in case of
neutral and basic conditions. This indicated that the conversion reaction is more
efficient in basic conditions because -NH, group of PATP can be deprotonated easily
and further oxidized to DMAB which is difficult under acidic conditions due to large
abundance of H* ions.** For neutral and basic conditions, new peaks are emerging
within 2 seconds of incubation time indicating formation of DMAB which is much

faster than previous reports.*?
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Figure 3.13. TEM images of Au/Ag NSs after catalytic reaction of PATP to DMAB.

TEM images (Figure 3.13) of Au/Ag NSs after SERS measurement indicate that no
structural deformation occur due to catalytic conversion of PTAP to DMAB. It is
believed that the chemical enhancement emerges from the static charge transfer at the
ground state because of the interaction between PATP molecules and the Au/Ag NSs.
This charge transfer creates an increase in the electronic static polarizability resulting
enhancement of the SERS signal.?’ From the control Raman measurements, it is
revealed that the oxidative dimerization of PATP into DMAB product can be carried
out by surface photochemistry reactions using Au/Ag NSs. The high photocatalytic
activity on the Au/Ag NSs interface is a result of the generation of hot electrons, which
is enabled by the presence of significantly enhanced electric fields at the sharp tips of
Au/Ag NSs.

3.3.2.2. Effect of thickness of Ag coating on SERS spectra of DMAB

To understand the effect of various thickness of Ag coating on photocatalytic

conversion of PATP into DMAB, Au/Ag NSs with variation in Ag coating were
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prepared. The UV-vis extinction spectra and TEM images of Au/Ag NSs with less and
more Ag coating are included in Figure 3.14.
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Figure 3.14. UV-Vis extinction spectra and TEM images of Au/Ag NSs with lower Ag
coating (a, b) and with higher Ag coating (c, d).

For less Ag coating, the plasmon band was shifted to value 555 nm towards the
plasmon band of Au NSs (Figure 3.14a). For less Ag coating, average thickness of Ag
shell around the Au NSs core was found to be 1.9 + 0.5 nm. It was found that for less
Ag coating, the coating is not uniform around the Au NS core and tips as some tips
were found to be not coated as depicted in TEM image (Figure 3.14b). This observation
is in consistent with the previous report by Fales et al.*® For more Ag coating around the
Au NS core, the plasmon band got shifted to value 525 nm away from plasmon band of
Au NSs (Figure 3.14c). For more Ag coating, uniform Ag layer was present on both
core and tips of the Au nanostar with an average thickness of Ag shell around the Au
core of ~ 7 £ 0.5 nm (Figure 3.14d). Our observations on such Au/Ag NS systems with
different Ag coating are in well agreement with the literature.*® *® The TEM- Energy
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dispersive X-ray (EDX) analysis also revealed the atomic percentages of Au and Ag in
Au/Ag nanostars with less and more Ag coating (Table 3.2). The atomic percentages of
Au and Ag in Au/Ag NSs with less Ag coating are found to be 70.48% and 29.14%,
respectively. Also, the atomic percentages of Au and Ag in Au/Ag NSs with more Ag
coating are found to be 41.15% and 58.85%, respectively.

Table 3.2. The atomic percentage of Au and Ag in Au/Ag NSs from TEM- Energy

dispersive X-ray (EDX) analysis is shown below.

Nanoparticles Atomic percentage (%) of Au and Ag
Au/Ag NSs (lower coating) Au: 70.84% Ag: 29.14%
Au/Ag NSs (higher coating) Au: 41.15% Ag: 58.85%

Afterwards to understand the effect of thickness of Ag coating on photocatalytic
reaction, time dependent SERS based photocatalytic dimerization of PATP into DMAB
was investigated by varying the thickness of Ag coating over Au NSs. In all cases, the

particle concentration (Au/Ag NSs) was kept fixed i.e. 36 pM (Figure 3.15).
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Figure 3.15. Time dependent SERS spectra of DMAB formed from PATP at 36 pM
concentration of Au/Ag NSs with a) lower Ag coating (1.9 £ 0.5 nm), b) moderate Ag
coating (3.5 £ 0.5 nm), and c) higher Ag coating (7 = 0.5 nm).

It was found that for less Ag coating, intensity of characteristic peaks of DMAB is
much less as compared to the moderate and more Ag coating (Figure 3.15a). This
indicates that less Ag coating is not much effective for the photocatalytic conversion of
PATP into DMAB as the tips are not coated with Ag layer. In case of moderate and
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more Ag coating, intensity of characteristic peaks of DMAB are maximum at
incubation time of 246 seconds and got saturated afterwards (Figure 3.15b, 3.15c).
Further to compare the SERS intensities at different Ag coatings, the intensity at peak
1440 cm™ was investigated for incubation time of 512 seconds. The ratio of intensities
at 1440 cm™ for moderate and less Ag coating | (moderate Ag coating) / | (less Ag coating) Was
found to be 3.6. The ratio of intensities at 1440 cm-1 for more and moderate Ag coating
I (more Ag coating) / | (moderate Ag coating) Was found to be 1.8. Hence it can be seen that in case
of more Ag coating, intensity of characteristic peaks of DMAB are higher. However,
the enhancement factor in peak intensity in case of moderate to higher Ag coating (1.8
fold) is less than that of lower to moderate Ag coating (3.6 fold). It was also found that
the intensity of required peaks is getting saturated at the incubation time of 256 seconds
indicating the completion of reaction at same time in the case of both moderate and
more Ag coating. The higher intensity of characteristic peaks of DMAB is in case of
more Ag coating which may be due to better electromagnetic enhancement SERS
activity of Ag. This indicates that optimum thickness of Ag shell was found to be ~ 7 +
0.5 nm for this photocatalytic reaction. On further increasing the thickness of Ag
coating can lead to complete coverage of Au NS tips which results in the loss of the
sharp tips (behaving like spherical Au/Ag nanostructures) and can diminish the SERS
activity of such structures as mentioned by Fales group.*® Therefore, our experimental
findings suggest that the Ag coating of ~7 £ 0.5 nm thickness is the optimum coating
for the SERS based photocatalytic conversion of PATP into DMAB.

3.3.2.3. Effect of pure metal counter parts on SERS spectra of DMAB

Also, we have performed SERS measurements in which only Au NSs were used to
carry out the catalytic conversion of PATP to DMAB at concentrations 180 pM, 81 pM,
63 pM and 45 pM of Au NSs. The recorded SERS spectra (Figure 3.16) demonstrated
that only the higher concentrations of 180 pM and 81 pM were able to convert PATP
into DMAB and with lower concentrations of 63 pM and 45 pM, the characteristic
peaks of DMAB which are positioned at 1140, 1392 and 1440 cm™ are missing. These
results indicate that lower concentrations of Au NSs are unable to catalyze the

dimerization reaction of PATP into DMAB showing that Au/Ag NSs are much more
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efficient than only Au NSs. It has been also observed from the SERS spectra (Figure
3.16) that, for the same laser power and same concentration of Au/Ag NSs and Au NSs
i.e.,, 180 pM and 81 pM, intensity of characteristic peaks of DMAB is much more in
case of Au/Ag NSs indicating higher efficiency of Au/Ag NSs for the photocatalytic
conversion of PATP into DMAB.
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Figure 3.16. SERS spectra of DMAB formed from PATP at incubation time of 512
seconds using 45 pM concentration of Au NS (a), and Au/Ag NSs (a’); 63 pM
concentration of Au NS (b), and Au/Ag NSs (b’); 81 pM concentration of Au NS (c), and
Au/Ag NSs (c’); and 180 pM concentration of Au NS (d), and Au/Ag NSs (d’).

Ag NSs were synthesized according to protocol reported by Garcia-Leis et al.** UV-Vis
spectrum and TEM image are shown in Figure 3.17 indicates the successful synthesis of
Ag NSs.
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Figure 3.17. a) Normalized UV-Vis extinction spectrum, and b) TEM image of as

prepared Ag NSs.

SERS spectra of DMAB formed from PATP were recorded using Ag NSs at different
concentrations of 180, 81, 63, 45 pM (Figure 3.18). With comparison to Au/Ag NSs, the
intensity of characteristic peaks of DMAB is much less for Ag NSs. For lower
concentration (45 pM), the required peaks of DMAB were missing in case of Ag NSs.
In case of Ag NSs, the intensity of characteristic peaks of DMAB is more indicating

better SERS activity of Ag NSs as compared to pure Au NSs.
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Figure 3.18. SERS spectra of DMAB formed from PATP at incubation time of 512

seconds using different concentrations of a) Au/Ag NSs, and b) Ag NSs.
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These results indicate that the prepared Au/Ag NSs are demonstrating better
photocatalytic activity as compared to their pure metal counter parts i.e., only Au NSs
and Ag NSs.

3.3.2.4. Effect of nanostructure morphology on SERS spectra of DMAB

We also have carried out the similar reactions using spherical Au nanoparticles with
similar size of nanostar to unveil the effect of nanostructure morphology on
photocatalytic activity. For the morphological comparison, we have prepared spherical
Au nanoparticles of similar size of Au nanostars i.e., 75 £ 5 nm. We have given the UV-
Vis extinction spectrum and TEM image of as prepared spherical Au nanoparticles
(Figure 3.19).
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Figure 3.19. a) UV-Vis extinction spectrum b) TEM image of as prepared spherical Au
nanoparticles.

The prepared spherical Au NPs were used to carry out the conversion reaction of PATP
into DMAB at different concentration 180, 81, 63, 45 pM at 512 seconds incubation
time of Au NPs solution with ethanolic PATP solution. It was observed from the SERS
spectra that the characteristic peaks of DMAB 1142, 1382, 1442 cm™ were visible in the
SERS spectra for 180 pM concentration of Au NPs in total reaction mixture (Figure
3.20). For the lower concentration of Au NPs, these peaks were missing indicating that

the conversion reaction is not occurring at these lower concentrations. Here, we have
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provided SERS spectra of DMAB formed from PATP at different concentrations of Au
NPs at same incubation time of 512 seconds. The higher catalytic activity and higher
Raman signal enhancement obtained in case of nanostar compared to spherical
nanoparticles may be due to presence of sharp tips surrounding the Au core. The strong
plasmon coupling between tips and cores of nanostar,** further results in creation of lots

of “hotspots” required for highly significant SERS enhancement.
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Figure 3.20. SERS spectra of DMAB formed from PATP using spherical Au NPs at 45
pM (a), 63 pM (b), 81 pM (c), 180 pM (d) concentration at incubation time 512

seconds.
3.3.2.5. Effect of incubation time on SERS spectra of DMAB

SERS spectrum of Au/Ag NSs at zero incubation time (0 second incubation at solution
phase) with PATP solution compared to SERS spectrum of Au/Ag NSs at 512 seconds
incubation time with PATP (Figure 3.21). It is clear that from the comparison spectra
that with higher incubation time the characteristic peaks of DMAB are more intense as
compared to zero incubation. With Au NSs also (Figure 3.22), similar observation was
made. With zero incubation time, the characteristic peaks of DMAB are missing but

with higher time of 512 seconds, peaks of dimerized product of PATP are present. It
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reveals that solution phase incubation of both nanostar solution and PATP solution

before addition of NaCl is playing a crucial role for triggering the dimerization reaction

efficiently.
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Figure 3.21. SERS spectra of DMAB formed from PATP at 180pM concentration of

Au/Ag NSs at a) zero second incubation time and b) 512 seconds incubation time.
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Figure 3.22. SERS spectra of DMAB formed from PATP at 180pM concentration of Au
NSs at a) zero second incubation time and b) 512 seconds incubation time.
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3.3.2.6. Effect of excitation laser wavelength on SERS spectra of DMAB

To see whether the better performance of Au/Ag NSs was originated from the resonant
laser excitation or not, SERS measurements were carried out for DMAB formed from
PATP at different concentrations of Au NSs with 633 nm laser excitation source (Figure
3.23).
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Figure 3.23. SERS spectra of DMAB formed from PATP at incubation time of 512
seconds using different concentrations of Au NSs at a) 532 nm laser, and b) 633 nm

laser.

It was found that the intensity of characteristic peaks of DMAB using Au NSs are
almost comparable to the intensity obtained using 532 nm laser excitation. But lower
concentrations of Au NSs are unable to produce the characteristic signals of DMAB
even at the resonant laser excitation (633 nm). This implies that lower concentrations of
Au NSs are still unable to catalyze the conversion reaction of PATP into DMAB.

3.3.3. FDTD simulation study

We have performed the finite difference time domain (FDTD) simulations for Au NSs
and Au/Ag NSs to provide the electric field distribution of nanostars near the sharp tips
(Figure 3.24). The electric field magnitude, |E| is computed through three-dimensional
finite-difference time-domain (FDTD) modelling for Au nanostar as well as for Ag

coated Au nanostar. The plots indicate increase in |E| at tips for Ag coated Au nanostar
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as compared to uncoated pure Au nanostar. The enhancement in electric field as
obtained from Au core/Ag shell NS compared to pure Au NS will result in higher SERS
enhancement of DMAB formed from PATP for Au core/Ag shell nanostar than that of
Au nanostar which are in good agreement with experimental findings.
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Figure 3.24. The magnitude of electric field |E| in xy plane passing through the centre
of nanostar at A=540 nm for (a) Au-nanostar (b) silver coated Au-nanostar. A plane
wave source has been used for FDTD calculations. The incident wave-vector is
perpendicular to plotted xy cross-section. Note the difference in color-coding scale for
both plots.

3.3.4. Insight into the catalytic conversion of PATP to DMAB using Au/Ag NSs

In order to gain a better understanding of the potential mechanism of plasmon-driven
catalytic dimerization of PATP into DMAB in the presence of Au/Ag NSs, several
control experiments were carried out by recording the SERS spectra of PATP. It is
established that PATP is converted into DMAB by its oxidation and the oxidation
process that can take place either with the help of holes or hot electrons generated in
plasmonic metal nanoparticles.? * It is also reported that hot holes can directly oxidize
or hot electrons first activate the atmospheric oxygen and later the activated oxygen can
oxidize the PATP into its dimerized product DMAB. Hence, in order to observe the role
of O, in this photocatalytic reaction, the reaction was carried out under inert

atmosphere. The recorded SERS spectrum showing no peaks indicates that the

111



Interfacial design of gold/silver core—shell nanostars for plasmon-enhanced photocatalytic
coupling of 4-aminothiophenol

conversion reaction is not taking place in absence of O, (Figure 3.25a). Thus, it
confirms that O, is involved in the oxidation process of PATP which means that hot
electrons are participating in conversion process. To understand the potentiality of
Au/Ag NSs as SERS substrate we found that no peaks was observed in Raman spectrum
of Au/Ag NSs only (Figure 3.25b) under illumination of same 532 nm laser which
reveals that there is no resonance effect. Control Raman experiments were also carried
out to confirm the formation of DMAB from PATP in presence of metal nanostructures
only. Raman spectrum of mixture of PATP and NaCl (Figure 3.25c) shows PATP peaks
only. Raman spectrum of mixture of Au/Ag NSs and NaCl was also recorded and there

were also no peaks of DMAB product (Figure 3.25d).
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Figure 3.25. (a) SERS spectra measured under neutral conditions at concentration 6
pM in inert atmosphere. Raman spectrum of (b) Au/Ag NSs, (c) mixture of PATP and
NaCl, and, (d) mixture of Au/Ag NSs and NacCl.
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Scheme 3.3. Schematic illustration for the reaction mechanism depicting the oxidation
of PATP into DMAB.

Schematic representation of the process by which PATP is transformed into DMAB by
means of Au/Ag NSs is depicted in Scheme 3.3.

Finally, to further confirm the formation of DMAB by oxidation of PATP in presence
of Au/Ag nanostars, we have conducted the attenuated total reflectance-flourier-
transform infrared (ATR-FTIR) spectroscopic study of pure PATP and DMAB (Figure
3.26). Figure 3.26a represents the ATR-FTIR spectra of PATP, where the peaks at 3418
and 3206 cm™ are assigned to N-H stretching vibration.*® *® The peaks appeared at 3021
and 2982 cm™ due to the asymmetric and symmetric stretching vibration of aromatic C-
H bond,*" respectively, while the peaks corresponding to S-H stretching vibration were
observed at 2597 and 2560 cm™.* * Peaks centered at 1587 and 1488 cm™ were
attributed to the stretching vibration of C=C bonds of the aromatic ring.*® Bands at
1278, 1174 and 1123 cm™ could be allotted to C-N stretching vibration.® 3! Peaks
located at 1006 and 952 cm™ is credited to the C-S stretching vibration.*® %
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Figure 3.26. ATR-FTIR spectra of (a) PATP and (b) DMAB formed from PATP in
presence of Au/Ag NSs.

The ATR-FTIR spectra of DMAB also indicates that all the peaks corresponding to
stretching vibration of N-H, C-H, S-H, C=C, C-N and C-S bonds (details are in Table
3.3) (Figure 3.26b). Notably, the additional peaks at 1444 and 1389 cm™ are attributed
to the stretching vibration of N=N bond*® (Figure 3.26b) which proves the formation of

DMAB from PATP via N-N coupling mechanism in presence of Au/Ag nanostars.

Table 3.3. ATR-FTIR frequency data (cm™) of PATP and DMAB.

Assignments PATP DMAB References
ATR-FTIR frequency ATR-FTIR

(cm™) frequency (cm™)

vN-H 3418, 3320, 3206 3404, 3318 5,40

vC-H 3021 2976 4
2982 2828

vS-H 2597 Not ditected .48
2560
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vC=C 1587 1653 o
1488 1491
vyN=N - 1444 ®
1389
vC-N 1273 1367 o051
1174 1248
1123 1160
1084
vC-S 1006 1050 >3
952 1031
vC-H rocking 816 742 >
and  out-of- 614 698
plane bending 618

3.4. Conclusion

In conclusion, we have shown that Au/Ag core-shell nanostars serve as an extremely
effective SERS substrate and plasmon driven catalyst for the plasmon mediated
dimerization reaction of PATP. Bimetallic nanostars are more effective than their
single-metal counterparts i.e., pure Au and Ag nanostars. the anisotropic star
morphology is superior to the spherical shape. The surface photocatalytic coupling
reaction of PATP conversion to DMAB occurs more efficiently on Au/Ag nanostars
because they generate a significantly strong electric field surrounding their sharp tips.
Potential applications for these Au/Ag NSs-based LSPRs include the development of
new plasmon-driven photocatalytic frameworks for the synthesis of other organic

molecules.

Note:
v Authors and the paper's corresponding author gave their approval for inclusion
of this work in present thesis. The corresponding publication is:
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Saini, Krishna Kanta Haldar, and Tapasi Sen “Interfacial design of gold/silver core—
shell nanostars for plasmon-enhanced photocatalytic coupling of 4-aminothiophenol”
Journal of Materials Chemistry C 2021, 9 (42), 15284-15294.
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Chapter 4

Design of silica@Au hybrid nanostars for

enhanced SERS and photothermal effect
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4.1. Introduction

Localized surface plasmon resonance (LSPR) is a unique property of plasmonic
nanostructures (made of Au and Ag) that have been the subject of intensive study over
the past two decades.™ > The LSPR excitation gives these materials a remarkable ability
to confine and modify light on the nanoscale.* * Due to their distinctive optical
properties from UV-Vis to near infrared (NIR), plasmonic nanoparticles/nanostructures
have many promising applications in various fields such as biomedical domain,> and
detection of polynucleotides,® SERS,’ photovoltaics.?

In recent years, scientists have been captivated by core-shell nanostructures due to the
intriguing combination of properties from two very different materials.”** Nanoparticles
with an Au metal core and a SiO, dielectric shell, or a SiO; dielectric core and an Au
metal shell, have been reported to be synthesized and used for various purposes,
including cancer imaging and photothermal treatment.*? By adjusting the shell thickness
and core radius, the optical characteristics of these core-shell nanoparticles can be
shifted from the visible to the infrared to the near infrared (IR).}* ** These
nanostructures, which can be thought of as a "core” surrounded by a "shell,” combine
the properties of two LSPRs, one of which is located inside the shell and the other
outside.'® ' Size variations between 10 nm and 100 nm are required to alter the LSPR
position of spherical Au nanoparticles by a few nanometers.!” However, the biological
window needs to be covered, so a wide spectrum of wavelengths from the visible to the
infrared and near-infrared is required. As a result, when preparing the Au shell, the
necessary tuning of the wavelength from the UV to the near IR region can be achieved
by simply varying the thickness of the shell by a few nanometers.*® Dielectric silica is
used as the core material in many published examples because it is thermally stable,
chemically inert, and transparent in the visible spectrum. This means that it can serve as
a platform for the creation of a wide range of nanostructures.’® The gold nanoshells
surrounding a silica dielectric core with self-assembled monolayers were prepared and
characterized by Pham et al.?° The ideal SERS tag SiO,@Au core-shell nanostructures
for SERS based lateral flow immunoassay (LFA) were synthesized by Wang et al.?* The
developed SiO,@Au nanowires were put to use by Li et al. in high performance
hydrogen peroxide sensors.?? Using p-mercaptoaniline as an analyte, Oldenberg et al.
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demonstrated the SERS enhancement of metal shells.”® Because of their SPR property,
which causes them to show the SERS, spherical gold nanoshells have gained a lot of
attention. The plasmons inside and outside the Au nanoshells resonate with one another,
resulting in massively improved properties.'® When the Au nanoparticles have
anisotropic shape, like nanostars or nanoflowers, a strong electromagnetic field is
generated at the sharp edges via plasmon excitation under light irradiation, resulting in
an increase in SERS enhancements.”* # Therefore, it is reasonable to expect a more
pronounced SERS enhancement from anisotropic metal shells with dielectric cores.

One other amazing application of plasmonic nanostructures is in photothermal therapy
(PTT).”*? NIR light is an extremely important light source for photothermal therapy,
which is safe and noninvasive for normal tissues.?® It was discovered that the
morphology, the wavelength of the SPR, and the volume of the nanostructure all have a
significant impact on the photothermal conversion efficiency of the Au
nanostructures.?® For example, by using spherical and anisotropic Au nanoparticles,
Moustaoui et al. demonstrated the effect of shape and size on the photothermal heat
elevation. They found that the anisotropic Au nanoparticles had a better photothermal
effect due to their higher surface/volume ratio.?® For the very first time, the Halas group
described the thermal ablation therapy by utilizing the silica-gold nanoshell structures
(SiO,@Au core-shell spherical nanoparticles). They exploited the metal shells for the
killing of human breast carcinoma cells and found the photothermal induced morbidity
on exposure to NIR light (820nm, 35W/cm?).*® After that, metal nanoshells started
receiving immediate attention due to the efficient control that could be exerted over
their shell thickness and their optical properties could be tuned.®™ 3 Till now, either
only isotropic/anisotropic pure Au nanoparticles or spherical core-shell nanostructures

were used for photothermal therapy.

This chapter demonstrates the seed-mediated growth method to synthesize Au nanostars
with sharp and controlled tips with a spherical silica core (SiO,@Au NSs). Metallic

3536 shells,®” are known to provide SERS

nanostructures such as rings,*® gaps,®* bowties,
enhancements up to 10 folds. So, the prepared SiO,@Au NSs were explored for the
SERS performance by using Rhodamine B (RhB) dye as a probe molecule. Also,

plasmon band of our SiO,@Au NSs lies in the biological window (700- 1200 nm).
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Hence, we further investigated the photothermal effect of SiO,@Au NSs by using 808
nm NIR laser line. Along with this, we have demonstrated the effect of concentration of
nanostructures on the local temperature under NIR laser excitation. After that, these
nanostructures were put to use in photothermal ablation of a breast cancer cell line in
vitro. These research findings open up the possibilities for using nanostructures with a
core-shell configuration for applications in SERS spectroscopy and photothermal cancer
therapy.

4.2. Experimental Section
4.2.1. Materials

Phosphonium chloride (THPC) was purchased from TCI and Sodium chloride (NaCl)
was purchased from Himedia. Tetraethyl orthosilicate (TEOS 98%), Ammonia solution
(NH3 25%), (3-Aminopropyl)triethoxysilane (APTES 99%), Sodium Hydroxide
(NaOH), Gold chloride trihydrate (HAuCl4.3H,0), L- Ascorbic acid, Silver nitrate
(AgNO3), Hydrochloric acid (HCI), Formaldehyde (HCHO), Potassium carbonate
(K2CO3), and ethanol (EtOH) were purchased from Sigma- Aldrich,

Tetrakis(hydroxymethyl) All the reagents are used without further purification.
4.2.2. Experimental procedures
4.2.2.1. Synthesis of spherical core-shell SiO,@Au NPs

Au shell around the SiO, NP was prepared according to modified protocol as discussed
the chapter 2 of the thesis.®* For this, aminated SiO, NPs were decorated with small
sized Au nanoparticles. Small Au nanoparticles bonded to silica cores serve as
nucleation sites for additional Au reduction via HAuUCl, solution. As more Au is
reduced, thicker coating forms on the silica nanoparticle's surface, and eventually Au

spherical shell forms around the particle.
4.2.2.1.1. Preparation of silica nanoparticles (SiO,-NPs)

Si0,-NPs were prepared by modified Stober’s method.*® In brief, 64 mL of EtOH was
added with 36 mL of H,O and stirred for 10-15 min with constant temperature of 50°C.
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Then 13.6 mL of NHj; solution was added and the reaction mixture was strirred for 10
min. The TEOS solution was added to the reaction mixture in aliquots of 50 puL, 100
pL, and 150 pL at 5 min intervals. Afterwards, the reaction mixture was stirred for 3
hours at 50°C. and it was cooled to ambient temperature, centrifuged at 13000 rpm and
washed three times with EtOH. In the end, white solid of SiO,-NPs was collected and

dried in an oven at 60°C.
4.2.2.1.2. Preparation of aminated silica nanoparticles (SiO,-NH; NPs)

10 mg of SiO,-NPs was redispersed in 20 mL of EtOH using probe sonicator and added
10 pL of APTES solution to the reaction mixture and stirred slowly for overnight.*
Then on the next day, the reaction mixture was refluxed for 2 hours at 80°C in a round
bottom flask (RBF). Then it was cooled to room temperature and washed three times
with EtOH at 7500 rpm. After that, the residue was collected and dried in an oven at
60°C.

4.2.2.1.3. Synthesis of THPC Au NPs suspension

A THPC Au NPs suspension consisting of 2-3 nm Au colloid was synthesized as per the
protocol given by Duff et al.*® 1.5 mL of 0.2 M NaOH was added to 45.5 mL of H,O
under rapid stirring. 12 pL of 80% reducing agent THPC and 2 mL of 25 mM of
HAuUCI, aqueous solution were added in sequence. Small gold nanoparticles formed, as
evidenced by the solution's sudden color change to a deep brown. The as prepared
solution was sonicated for 10-15 min and then stored for 5 days at 4°C before use. The

solution can be stable for months when stored at 4°C.
4.2.2.1.4. Synthesis of Au plating solution

For the preparation of Au plating solution, 300 pL of 1 wt% HAuUCI, aqueous solution
was added to 20 mL of 1.8 mM aqueous K,COs.3* The solution was sonicated for 1-2

min and then stored for 5 days at 4°C before use.

Au shell around the SiO, NP was prepared according to modified protocol as discussed

the chapter 2 of the thesis.® Firstly, small Au NPs were decorated on SiO, NPs. In
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order to achieve this, 40 mL of THPC Au NPs suspension was sonicated for 1-2 min.
During the sonication, 4 mL of 1 M NaCl solution was added and then addition of 300
pL of aqueous SiO,-NH; NPs (probe sonicated) was done. The reaction mixture was
sonicated for 2 min and left undisturbed at room temperature. After 5 days, the reaction
mixture was centrifuged at 8500 rpm for 20 min to remove excess THPC solution and
washed with H,O. The so formed pellet (Au NPs decorated on SiO, NPs) was
redispersed in H,O. For the growth of Au shell from Au NPs decorated on SiO, NPs,
Au plating solution was used. For this, Au plating solution was used in such a way that
its volume was 10 times (10x) than the redispersed pellet for the total volume of 2.2
mL. 11 pL of formaldehyde solution was added and sonicated for 1-2 min, kept
undisturbed for 10 min and centrifuged at 4100 rcf for 15 min and the obtained pellet

was redispersed in water.
4.2.2.2. Synthesis of SiO,@Au NSs

The synthesized Au shells around the SiO, NPs (SiO,@Au NPs) were used as seeds
with growth solution for the synthesis of silica core coated with Au nanostars shell
(SiO,@AuU NSs) (Scheme 4.1). For the synthesis of silica core coated with Au nanostars
shell, 0.2 mM aqueous solution of HAuClI, was used with 1 N HCI. To this solution,
synthesized SiO,@Au NPs seeds were added followed by the subsequent addition of
0.01 M AgNO;3 and 0.1 M ascorbic acid. Upon addition of ascorbic acid, blue color
appeared indicating the formation of nanostars. After 10 min of stirring, the reaction
mixture was centrifuged at 7500 rpm, and the formed pellet of SIO,@Au NSs was
redispersed in H,0.

J 1. HAuCl,
J 2. AgNO,

Si0,@Au NPs Si0,@Au NSs

3. Ascorblc acid

Scheme 4.1. Schematic depiction of synthesis of SiO,@Au NSs.
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4.2.2.3. Raman measurements

To evaluate the SERS performance of SiO,@Au NSs, Rhodamine B (RhB) dye was
used as a probe using both 785 nm and 633 nm laser line. The normal Raman spectrum
of RhB dye was recorded by drop casting 1 mM solution of RhB dye on silicon wafer.
After that, SiO,@Au NSs solution was drop casted on silicon wafer followed by drop
casting 1 UM solution of RhB dye, and then the silicon wafer was dried and its SERS
spectrum was recorded. The enhancement factor (EF) was calculated by using the
equation 4.1.%°

N ISER
EF — bulk X SERS
Nsers  Ipulk

Equation 4.1

where Npyi 1S the number of RhB dye molecules in confocal volume contributing to
Raman signal in normal Raman measurement using bulk RhB dye and Nsgrs is the
SERS measurements using RhB dye with SiO,@Au NSs. lpyk and Isgrs are the
intensities of the vibrational signals in normal Raman and SERS measurements,

respectively.

4.2.2.4. Photothermal transduction efficiency (1) studies

Different concentration (93.75, 187.75, 375, 562.5, 750 pug/mL) of SiO,@Au NSs were
irradiated with NIR (808 nm) laser with power (2 W) and laser distance (2 cm). Further,
photostability of NSs (750 pug/mL) was explored after irradiation with the laser for three
On-Off cycles. The heating and cooling cycles were recorded with FLIR Pro thermal
imaging camera. The photothermal transduction efficiency was calculated using

equation 4.2 (as in previous reports*}).

_ hS(Tmax_TSurr)_Qdis
1(1— 10~4800)

Equation 4.2

Where h and S are the heat transfer coefficient and the surface area of the container
respectively. Tsyr (19.0°C) was surrounding temperature and Tmax Was the maximum

steady temperature (63°C) of the solution. I, the laser power intensity which was set at
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2.2 W/cm?, the absorbance of the NSs at 800 nm was 0.181. Qpjs expresses heat

dissipated from the light absorbed by the solvent and container.
4.2.2.5. Hemocompatibility studies

Following IAEC approval of IISER Mohali (IISERM/SAFE/PRT/2021/023) and as per
animal ethics guidelines, mice blood was utilized for hemocompatibility study. Briefly,
500 pL of blood was dispersed in 4.5 mL of PBS and centrifuged at 1000 rpm for 5
min, further washed thrice with PBS until the clear supernatant was obtained. Final
RBC’s pellet was dispersed in 5 mL of PBS and stored at 4°C till use. Different
concentration (25, 50, 100, 200, 400 pg/mL) of SiO,@Au NSs was incubated with 150
pL of RBC for 1 hour at 37°C. After 1 hour, samples were pelleted down, supernatant
was collected and absorbance was recorded at 575 and 655 nm with plate reader. Water
and PBS were used as positive and negative control. Hemolysis percentage was

calculated by using equation 4.3.

Hemolysis (%) = ((A575 — A655)) — PBS)/(water — PBS)) x 100  Equation 4.3

4.2.2.6. In vitro studies

Triple negative breast cancer cell line MDA-MB-231 and mouse fibroblast normal cell
line L929 were acquired from National Centre for Cell Science (NCCS, Pune). The
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and 1% antimycotic antibiotics solution in a humidified
incubator supplied with 5% CO, at 37 °C.

4.2.2.7. In vitro biocompatibility

MTT assay was used to investigate the biocompatibility against L929 cell line. Cells
(2.5 x 10 cells per well) were seeded in 96-well culture plates and cultured for 24 hours
in the incubator with 5% CO, at 37°C. Different concentrations of the SiO,@Au NSs
(0-400 pg/mL) were tested against the cells in triplicate and incubated for 24 hours at
37°C under 5% CO,. After incubation, the sample was removed by washing the cells
thrice with pre-warmed 1x PBS and further incubated with MTT solutions (5 mg/mL in
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PBS). After 4 hours, the plates were centrifuged at 1500 rpm for 5 min at room
temperature and DMSO was added to each well. To dissolve the formazan crystals, all
the wells were aspirated before taking absorbance at 595 nm on an ELISA reader. Cell

viability was calculated by means of the following equation 4.4.

) __ Absorbance of the treated cells

Cell viability (% x 100 Equation 4.4

Absorbance of the control cells

4.2.2.8. In vitro photothermal therapy

Photothermal cytotoxicity was evaluated against MDA-MB-231 cells using an MTT
assay. Cells (5 x 10° cells per well) were seeded in a 96-well culture plate at 37°C under
5% CO, for 24 hours. After overnight incubation, the cells were treated with different
concentrations of SiO,@Au NSs (0-300 pug/mL). After 6 hours, the cells were irradiated
with 808 nm NIR laser for 10 min (power 2.2 W/cm?) and further incubated for 24
hours in the CO, humidified incubator. The cells were washed thrice with PBS buffer to
remove traces of the sample and further incubated with MTT solutions (5 mg/mL in
PBS) for 4 hours. After incubation for 4 hours, the plates were centrifuged at 1500 rpm
for 5 min at room temperature and DMSO was added to dissolve the formazan crystals.
All the wells were aspirated well and the absorbance of the suspension was measured at
595 nm on a microplate reader. Cell viability was calculated by the above-mentioned

formula.
4.2.2.9. Cellular uptake study

The cellular uptake of SiO,@Au NSs was quantified by ICP-MS analysis. Briefly,
1x10° cells (MDA-MB-231) were allowed to adhere in a 12 well plate under 5% CO,
for 24 hours. After incubation, the cells were incubated with SiO,@Au NSs (200
pg/mL) for 3, 6 and 24 hours. At the end of incubation, the cells were washed thrice
with PBS buffer followed by trypsinization for the detachment of cells. The detached
cells were centrifuged at 2000 rpm for 5 min. The cells were digested with ICP-MS
grade nitric acid followed by dilution with double distilled water. The clear solution was

analyzed with Inductive Coupled Plasma — Mass Spectrometer.
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4.2.2.10. Cell morphology analysis

MDA-MB-231 cells and L929 cells were seeded onto the glass cover slips in 6 well plate
with at a density of 1 x 10° cells per well and incubated with SiO,@Au NSs (200 pg/mL)
with and without laser. After 24 hours incubation, the cells were washed with PBS and
fixed with 4% paraformaldehyde solution for 10—12 min. Following PBS wash, cells
were stained by Hoechst 33342 and Ph-TRITC for staining the nuclei and cytoskeleton,
respectively. Further, the cells were washed, mounted on a glass slide and examined

under Zeiss LSM 880 confocal microscope (Carl Zeiss, Thornwood, New Y ork).

As synthesized SiO; NPs, SiO,@Au NPs, SiO,@Au NSs, were characterized by UV-
Vis spectrophotometer, DLS, FT-IR, powder XRD, TEM, and AFM as described in
chapter 2 of this thesis.

4.3. Results and discussion
4.3.1. Optical and structural characterizations of SiO,@Au NSs

For the synthesis of SiO,@Au NSs, first core SiO, NPs were prepared. These were
synthesized using TEOS in a water-EtOH mixture and amination of SiO, NPs was done
using APTES to prepare SiO,-NH, NPs. The optical and structural characterization of
SiO; and SiO,-NH; NPs was carried out using TEM, DLS, and powder XRD. From
DLS measurements, the approximate hydrodynamic size for SiO, NPs and aminated
SiO; NPs (SiO,-NH, NPs) was evaluated.

As shown in Figure 4.1a, the average hydrodynamic size of SiO, NPs and SiO,-NH,
NPs was around 50 nm and 65 nm, respectively. The powder X-ray diffraction pattern
of SiO, NPs was then collected. Figure 4.1b shows the XRD pattern of SiO, NPs
showing a broad peak centered at 22.8° is indication of amorphous nature of as prepared
SiO,-NPs.*? Further, a zeta potentiometric study (Figure 4.1c) indicated a negative
potential for SiO, NPs, but when amination was done using APTES to form SiO,-NH,
NPs, the potential was reversed to a positive value, displaying the successful amination
of SiO, NPs. The amination of SiO, NPs was further affirmed using FT-IR analysis.
The FT-IR spectra of SiO, NPs and SiO,-NH; NPs are shown in Figure 4.1d. It was
discovered that for SiO, NPs, the broad peak at 3353 cm™ corresponds to Si-O-H
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stretching vibrations* and in the case of SiO,-NH; NPs, the medium peak at 3317 cm™
in the FT-IR spectrum was attributed to N-H stretching.*® The peaks at 1625, 1104, and
~ 793 cm* were due to the asymmetric and symmetric stretching vibrations of Si-O-Si,
respectively.”? The peak at 480 cm™ was attributed with N-H wagging vibration in FT-
IR spectrum SiO,-NH, NPs. The analysis of zeta potentiometric and FT-IR studies
demonstrated the successful amination of SiO, NPs. The average size of SiO, NPs as
indicated from TEM images (depicted in Figure 4.1e and 4.1f) was 45 = 5 nm which
was consistent with the size obtained from DLS analysis. All these results demonstrate
the successful synthesis of SiO, NPs and SiO,-NH; NPs.
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Figure 4.1. (a) Dynamic light scattering spectra of SiO, and SiO,-NH, NPs, (b) XRD
pattern of SiO, NPs, (c) Zeta potential, (d) Fourier-transform infrared spectra (FTIR)
of SiO, and SiO,-NH; NPs, and (e, f) TEM images of SiO, NPs.
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Following the successful formation of SiO,-NH, NPs, Au shell was deposited over
SiO,-NH; NPs subsequently forming core-shell SiO,@Au NPs. To achieve this, firstly
small sized Au NPs prepared using THPC were decorated over the surface of SiO,-NH,
NPs. When the solution of SiO,-NH; NPs was mixed with suspension of THPC Au
NPs, small Au NPs were decorated on SiO,-NH, NPs as a result of binding with the
amine groups present on SiO, NPs. Then Au NPs decorated on the SiO,-NH; NPs were
grown into a shell around the SiO, core which results in formation of core-shell
SiO,@Au NPs using Au plating solution. The extinction spectra of THPC Au NPs

suspension and Au NPs decorated on SiO,-NH;, NPs were further measured.

Figure 4.2a shows the UV-Vis spectra of as synthesized THPC Au NPs suspension, Au
NPs decorated on SiO, NPs, and SiO,@Au NPs. In case of THPC Au NPs suspension,
the existence of a featureless absorbance which increases at lower wavelengths as well
as the absence of any plasmon band in the 500-550 nm range strongly suggests the
formation of small sized (< 3 nm) Au NPs.>** The SPR band centered at 512 and 540
nm was credited to Au NPs decorated on SiO-NH, NPs? and SiO,@Au NPs,
respectively.?! The red shifting of the plasmon band from 512 nm to 540 nm indicated
the successful formation of Au shell on SiO, NPs. The XRD pattern for SiO,@Au NPs
is shown in Figure 4.2b. Along with the hump corresponding to amorphous SiO, NPs,
the diffraction peak at 38.2° demonstrated that the Au NPs present on SiO, NPs were
oriented in (111) plane. Peaks corresponding to (200), (220), and (311) are good
suggestive of incorporation of Au NPs with SiO, NPs.* Further, the hydrodynamic size
of as synthesized NPs was predicted using DLS. In case of THPC Au NPs suspension, it
was observed that the diameter of Au NPs was 2-3 nm as shown in Figure 4.2c. When
Au NPs were decorated on SiO, NPs, the size was found to be 100 nm (shown in Figure
4.2d). After the formation of Au shell, the hydrodynamic diameter (Figure 4.2d) was
estimated to be 160 nm for SiO,@Au NPs. Hence, the DLS results confirmed the
increase in the size of SiO, NPs when Au shell was formed which is consistent with the
red shift of the plasmon band observed in the UV-Vis spectra of SiO,@Au NPs. TEM
images (presented in Figure 4.2e and 4.2f) confirmed the successful formation of Au
NPs decorated on SiO; with an average size of ~ 60 = 5 nm.
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Figure 4.2. (a) UV-Vis extinction spectra of THPC Au NPs suspension, Au NPs
decorated on SiO, NPs and SiO,@Au NPs, (b) XRD pattern of SiO,@Au NPs, (c) DLS
spectrum of THPC Au NPs suspension, (d) DLS spectra Au NPs decorated on SiO, NPs
and SiO,@Au NPs, and (e, f) TEM images of Au NPs decorated on SiO, NPs.

The as prepared core-shell SiO,@Au NPs were then used as seeds for growing the
spherical Au shell into Au nanostar around the spherical SiO, NPs. The optical and

structural characterizations of synthesized SiO,@Au NSs were performed.
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Figure 4.3. (a) UV- Vis-NIR spectrum of SiO,@Au NSs, (b) Low resolution TEM
images of SiO,@Au NSs, and (c) TEM image of single SiO,@Au NS.
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Figure 4.3a shows the extinction spectrum of SiO,@Au NSs depicting a broad SPR
band centered at 800 nm indicating the formation of Au NSs on SiO, NPs core. The
formation of SiO,@Au NSs was further confirmed by TEM imaging (Figure 4.3b and
4.3c). As shown in Figure 4.3b, highly monodispersed SiO,@Au NSs were formed with
sharp and defined tips. The average size of SiO,@Au NSs (tip to tip distance) as

calculated from TEM images was 140 £ 5 nm (Figure 4.3c).

Further, high-angle annular dark-field imaging (HAADF-STEM) analysis of SiO,@Au
NSs was performed to determine the elemental composition of the structures. Figure
4.4a shows the HAADF-STEM image of SiO,@Au NSs, and elemental mapping of
SiO,@Au NSs is shown in Figure 4.4b and 4.4c. The HAADF-STEM images proven
the presence of both Si and Au in SiO,@Au NSs and uniform deposition of Au around
the Si core as well as tips of nanostars. The line scan analysis (Figure 4.4d) showed the
presence of Si inside the core whereas Au is present as the outer shell and tips of
SiIO,@AuU NSs. The energy dispersive X-ray (EDX) spectrum further confirms the
presence of both Si and Au in SiO,@Au NSs (Figure 4.4e). Thus, these results confirm
the successful formation of SiO,@Au NSs. To the best of our knowledge, this is the

first report on the surfactant-free synthesis of SiO,@Au NSs.

133



Design of silica@Au hybrid nanostars for enhanced SERS and photothermal effect

o] (d — Si-KA
(d) — Au-lA
— 0K

Figure 4.4. (a) HAADF-STEM image, (b,c) elemental mapping, (d) Line scan analysis
of SIO,@Au NS, and (e) EDX spectrum of SiO,@Au NSs.

4.3.2. SERS performance of SiO,@Au NSs

In order to check the potential of SiO,@Au NSs for the enhancement of Raman signals,
Rhodamine B (RhB) dye was chosen as a probe molecule to evaluate the SERS
performance. The photoluminescence of RhB dye makes it challenging to capture its
Raman signal. Therefore, the Raman signal of RhB dye can be greatly improved by
employing plasmonic nanostructures as the SERS substrate. The normal Raman
spectrum of bulk RhB dye was recorded by drop casting 1mM solution of RhB dye on
silicon wafer using 785 nm laser (Figure 4.5a). It was discovered that peaks at 1642,
1536, and 1360 cm™ were related to aromatic C-C stretching vibrations, peak at 1283
cm™* was attributed to C-H bending, and peaks at 1195, 1520 cm™ were assigned to C-C

bridge-band stretching.*® */
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Figure 4.5. (a) Raman spectrum of RhB dye, and (b) SERS spectrum of 100uM RhB dye
in SiO,@Au NSs using 785 nm laser.

Figure 4.5b depicts the SERS spectrum of RhB dye using SiO,@Au NSs which
indicates the higher intensity of corresponding peaks as compared to the Raman
spectrum of bulk RhB dye. This increase is credited to SERS enhancement of probe
molecule (RhB dye) near plasmonic metal nanostructures due to the generation of
intense electromagnetic fields arising from surface plasmon resonance.®® Further, EF
was calculated using equation 4.1 in which Isgrs and lpyik are the intensities of strongest
peak 1360 cm™ in SERS spectrum and Raman spectrum of RhB dye, respectively
(Figure 4.5). It was found that values of lsgrs and lpyk are 43007 and 283 counts,
respectively. The number of RhB dye molecules in the bulk (Npui)** *°
of SiO,@Au NSs (Nsers)* were found to be 5.4 x 10'° and 5.7 x 10°, respectively. By
substituting these values in equation 4.1, the calculated EF for RhB dye using SiO,@
Au NSs was estimated to be 1.37 x 10°. The EF values of solid Au NSs from the
literature (Table 4.1) were compared to our prepared core-shell SiIO,@Au NSs. The

obtained EF utilizing SiO,@Au NSs (10°) is found to be one order of magnitude higher

and in presence

as compared to pure Au nanostar (10°). The high value of EF is attributed to the strong
localized electromagnetic field at the sharp tips of nanostructure.®® In our SiO,@Au
NSs, both star and shell type morphologies are present. In star morphology, strong
coupling between plasmons of sharp tips of nanostar results in the creation of a large
number of “hotspots,” which are considered essential for elevated SERS
enhancement.” ¢ Shell morphology involves the integration of localized plasmons
present inside and outside of metal nanoshells, resulting in significantly increased field
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strength that aids in increased SERS performance.’® So, our SiO,@Au NSs (composed
of shell and star morphology) show better EF value as compared to other shapes of

similar Amax pOSition and excitation laser source.

Table 4.1. Enhancement factor comparison with literature.

Nanostructure Amax Probe Laser EF Reference
molecule used
Multi branched | 850 nm | Rhodamine B | 785 nm Not >3
Au NPs calculated
Au/Ag NSs 700 nm | Rhodamine | 785nm | 5.2x 10 >
6G
Confeito-like 655 nm | Rhodamine | 633 nm 1x10° %
Au NPs 6G
Au NSs ~800nm | Rhodamine | 785nm | 4.1x10° >
6G
Au NSs 613 nm | Rhodamine B | 633 nm 9.4 x10° >7
Au NSs 704nm | Rhodamine | 785nm 1x10° >
6G
Dendritic Au - Rhodamine | 633 nm 1.5 x 10° 9
rod 6G
SiIO,@AuU NSs | 800 nm | Rhodamine | 785 nm 1.37 x 10° | This work
B 633nm | 3.5x10%

4.3.2.1. Effect of laser wavelength on SERS performance of SiO,@Au NSs

Also, the same SERS measurements were done using laser 633 nm (Figure 4.6). It was
found that values of Isgrs and Ipy are 326 and 20 counts, respectively. The number of
RhB dye molecules in the bulk (Npu)*® *° and in presence of SiO,@Au NSs (Nsgrs)™®
was found to be 2.2 x 10*° and 1 x 10’, respectively and calculated EF was observed to
be 3.5 x 10%. Hence, it is clear that using the resonant laser excitation wavelength of 785
nm with the LSPR band position of SiO,@Au NSs (800 nm) leads to higher EF than
using the off resonant wavelength of 633 nm which could be credited to the resonant
SPR induced local field enhancement.®® These results illustrate that SiO;@Au NSs
serve as an efficient SERS substrate demonstrating significant enhancement of Raman

signals and thus can be possibly utilized for detection of a variety of target molecules.
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Figure 4.6. (a) Raman spectrum of RhB dye, and (b) SERS spectrum of 100uM RhB dye
in SiO,@Au NSs using 633 nm laser.

4.3.3. Photothermal efficiency of SiO,@Au NSs

The photothermal effect of as-prepared SiO,@Au NSs is motivated by the significant
SPR absorption in the NIR range. The SiO,@Au NSs of different concentrations (93.75,
187.75, 375, 562.5, 750 pg/mL) were irradiated with 808 NIR laser with power 2.2
W/cm? for 5 min. It was demonstrated that there is concentration-dependent increase in
the photothermal effect, with the highest temperature increment up to 63°C for 750
pg/mL (Figure 4.7a). Further, the colloidal SiO,@Au NSs also possessed excellent
photothermal stability for up to three consecutive Laser On-Off cycles (Figure 4.7b).
The photothermal transduction efficiency () of SiO,@Au NSs was calculated
according to equation 4.2 and found to be ~72%. The 1 value of some other shapes from

literature with comparable sizes and LSPR band positions are listed in Table 4.2.
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Figure 4.7. (a) Heating curves of various concentrations of SiO,@Au NSs under laser
irradiation and, (b) Photostability of SiO,@Au NSs under three cycles of laser irradiation.
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This is made clear by the fact that our anisotropic shaped shell morphology is more
efficient at photothermal conversion than others Au nanostructures such as Au
nanostars, nanobipyramids, and nanovesicles. The value of n for solid Au NSs is 34%°,
while our core-shell SiO,@Au NSs has a significantly higher value of 72% which is
more than twice as much as pure Au nanostars (Table 4.2). Furthermore, as compared to
spherical Au nanoshell of similar size and LSPR position, the anisotropic core- shell
SiO@Au NSs exhibit higher 1 value owing to the unique shell type anisotropic shape.
Sharp tipped or star shape morphology is considered to be the most effective for
converting photon energy to heat energy due to their high values of the ratio of
absorption and scattering of light.” Also, having a spherical nanoshells morphology
that can maintain high absorption cross sections, leads to high photothermal conversion
efficiencies.?? There are both shell and star morphologies exist in our SiO,@Au NSs.
So, when NIR light incident on the SiO,@Au NSs, then high absorption cross sections
of nanoshell and near field enhancement at the sharp tips cause the local temperature to

increase enough to produce heat and this generated heat is used to destroy cancer cells.

Table 4.2. Photothermal Transduction Efficiency () comparison with literature.

Nanostructure Nanoparticle | Amax NIR irradiation n | Reference
size Conditions
AU nanostars ~200nm | 770nm | CW laser,808 nm | 34 o1
%
Au nanoshells 152 nm 796 nm | CW laser, 2 W/cm?, | 39 bz
810 nm %
Au nano bipyramids | 77 x173nm | 809 nm | CW laser, 809 nm | 51 63
%
Au nanoshell 145 nm 780 nm | 2W/cm? 808 nm | 25 o4
%
SiO, /Au nanoshells 154 nm 815 nm 815 nm 30 &
%
Au nanovesicles 207 nm 800nm | 1W/cm? 808 nm | 37 66
%
SiO,@Au nanostars 140 nm 800 nm | 2.2 W/cm? 808 nm | 72 | Our work
%
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4.3.4. In vitro studies

The biocompatibility of SiO,@Au NSs at varying concentrations (25, 50, 100, 200, 400
pg/mL) was evaluated against L929 cell lines. SiO,@Au NSs showed >80% cell
survival even at higher concentration of 400 pg/mL (Figure 4.8a). Further, the
SiO,@Au NSs showed negligible hemolysis similar to negative control at all tested

concentrations (Figure 4.8b).
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Figure 4.8. (a) Biocompatibility of SiO,@Au NSs with L929 cells, and (b)
Hemocompatibility of SiO,@Au NSs.

Next, we analyzed the cytotoxicity of SiO,@Au NS against triple negative breast cancer
cell line MDA-MB-231. The SiO,@Au NS significantly reduced the cell viability in a
dose-dependent manner after 24 hours of incubation, with <50% cell viability at a
concentration of 400 pg/mL. However, cytotoxicity further enhanced following 5 min
of NIR laser irradiation with cell viability dropping below ~10% at same concentration
(Figure 4.9a). Subsequently, it was observed that photothermal toxicity could be
significantly increased at lower concentrations (200, 250 and 300 pg/mL) with 10 min
of laser irradiation (Figure 4.9b). Moreover, when cells treated with 200 pg/mL of
SiO,@AuU NSs and irradiated for different time period (2.5, 5, 7.5, 10 min), the survival
rate decreased sharply to ~20% within 10 min of laser irradiation (Figure 4.9c). Further,
the uptake of SiO,@Au NSs by cancer cells as quantified by the ICP-MS analysis
showed that the extent of association of the NSs with the cancer cells proportionally
increased with time of incubation (Figure 4.9d).
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Figure 4.9. Cytotoxicity of SiO,@Au NSs (a) at varying concentrations with and
without 5 min of laser irradiation, (b) at varying concentrations with laser irradiation
for 10 min, (c) cell viability at different laser irradiation time (conc.200 pg/mL), and (d)

time dependent cellular uptake of SiO,@Au NSs.
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Figure 4.10. Confocal microscopic images of (i) untreated, (ii) SiO,@Au NSs treated
L929 cells (a), and (i) untreated, (ii) SIO,@Au NSs, (iii) SiIO,@Au NSs + laser treated
MDA-MB-231 cells (b). (H-Hoechst; T-phalloidin—TRITC,; BF-Bright Field; M-
Merged).

The concentration dependent cancer cell specific dark toxicity was confirmed with
confocal microscopy. While L929 cells were predominantly found to retain their
cellular features with no significant loss of cell density, MDA MB 231 cells showed
shrinkage of cell size. These observations support the cytotoxicity results. Previous
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studies have shown that nanoparticles with high surface curvatures such as nanorods
exhibit enhanced uptake efficiency than nanospheres®’ owing to stronger cell affinity
due to more points of contact with plasma membrane than nanosphere.® It has also
been indicated that cancer cells possess lower stiffness than the normal cells as
investigated by atomic force microscopy.®® Considering nanostars to possess both high
surface curvature and their interaction with cancer cell membrane via pointed sharp
ends could have caused subsequent cancer cell damage and decreased viability. Further,
laser irradiation after 6 hours of incubation with SiO,@Au NSs significantly distorted

the cell membrane and caused visible nuclear fragmentation (Figure 4.10).
4.4. Plausible mechanism of photothermal effect of SiO,@Au NSs

When light incidents on plasmonic nanostructures, these exhibit a variety of
mechanisms during the excitation and decay processes of LSP.”” ™ During the decay
process of hot carriers generated by excitation, electron-electron or electron-phonon
interactions occur to achieve the energy distributions. These vibrational relaxations
result in heat dissipation in the surrounding plasmonic nanostructures which is enough
to carry out various thermal processes or thermal reactions. So, such type of
nanostructures can act as an efficient agent for the photothermal effect for cancer
therapy. The photothermal effect is more pronounced in the case of anisotropic shapes
such as nanostars as discussed by Chatterjee et. al owing to their sharp tip heads.?” The
mechanistic pathway for the death of cancer cells using the photothermal effect of
SiO,@Au NSs on NIR laser illumination is depicted (Scheme 4.2).
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Scheme 4.2. Schematic for the mechanism of the photothermal effect of SiO,@Au NSs to

kill cancer cells on laser illumination.
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4.5. Conclusion

To sum up, we have created an easy-to-use, surfactant-free method for the synthesis of
anisotropic core-shell nanostructures, wherein SiO, NPs serve as the core and Au NSs
serve as the shell. The optical and structural characterizations demonstrated the
successful synthesis of SiO,@Au NSs with an average size of 140 + 5 nm. The
SiO,@Au NSs was discovered to have good SERS performance in addition to having
excellent biocompatibility and PT effect. Due to the generation of strong
electromagnetic fields by the sharp tips of Au nanostar shell, the SERS EF of RhB dye
using SiO,@AuU NSs as substrate was determined to be 1.37 x 10°. The branched
SiO,@Au NSs display strong SPR absorption in the near-infrared region, which makes
them an excellent candidate for the PT effect. The SiO,@Au NSs exhibit remarkable
photothermal conversion efficiency of up to 72% which is higher than other Au
nanostructures of comparable size, as well as excellent thermal stability. It was
observed that local temperature rises in a concentration-dependent manner on
irradiating SiO,@Au NSs with 808 nm laser line. The local heat produced in proximity
of SIO,@Au NSs was utilized for photothermal eradication of breast cancer cells in
vitro. These core-shell anisotropic nanostructures have the ability to be an attractive
contender for SERS-based enhancements and photothermal therapy agents, in addition

to their potential use as biosensors and catalysts.

Note:
v' Gagandeep Kaur, Vishaldeep Kaur, Charanleen Kaur, Navneet Kaur, Asifkhan
Shanavas, and Tapasi Sen “Design of silica@gold hybrid nanostars for enhanced

SERS and photothermal effect” (Revised manuscript submitted).
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5.1. Introduction

Research into developing noble metal and semiconductor composite nanostructures for
various applications, such as photocatalysis, gas sensing, fuel generation, and water
splitting has increased in recent years.> Photocatalysts are crucial in the photocatalytic
process because they convert the energy from light into chemical reactions, either the
synthesis or breakdown of molecules. The photocatalytic material should have the right
valence and conduction band positions and a large enough band gap to facilitate redox
reactions via electron-hole pairs created by photoexcitation. Numerous photocatalysts
have already been intensively designed to effectively utilize solar energy for water
splitting which is an alternative way for production of hydrogen energy. Since ZnO can
be grown into nanoparticles of varying morphologies via low-cost chemical routes, it
has emerged as a promising photocatalyst.* To effectively convert solar light in useful
energy, it is crucial to find ways to increase light absorption and minimize charge
recombination. This can be achieved by using highly efficient photocatalysts which
segregate electron-hole pairs easily and facilitate their transfer to the liquid/
semiconductor junction and have abundance of catalytically active sites that allow the
water splitting half-reactions to proceed with low activation barriers. In order to
overcome these limitations, semiconductors have been integrated mostly with
plasmonic metal nanostructures.>” In the context of photocatalytic water splitting,
plasmonic Au nanoparticles, due to its remarkable optical, electrical and catalytic
properties,® are integrated with semiconductors. Silva et al. found that P25 titania
decorated with Au nanoparticles showed better photocatalytic activity for H, generation
as compared to TiO, only.? These semiconductors-plasmonic integrated nanostructures
have exhibited superior photocatalytic activity in either the oxygen or hydrogen
evolution.’®*2 Wu et al. fabricated Au/TiO, dumbbell shaped nanorods which were
further exploited for H; evolution from water reduction under visible and near infrared
light™® It was deduced that Au/TiO, dumbbell shaped nanorods possess superior
performance for H, evolution than physical mixture of Au nanorods and amorphous

TiO,. Research by Haro et al., in contrast to the aforementioned studies, has shown that
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the major impact of Au nanoparticles to the improved photocurrent has a catalytic

origin, as evidenced by the faster charge transfer kinetics.™

It has been demonstrated that the presence of noble metal nanoparticles increases the
overall efficiency of photocatalysts due to the efficient charge transfer that occurs as a
direct result of the formation of Schottky junctions at the metal-semiconductor
interface. Hence, interfacial area effects the coupling between plasmonic nanomaterial
and semiconductor components which results in a synergy of properties in nanohybrids.
Consequently, Au-ZnO nanocomposites with a variety of morphologies are being
investigated for use in photocatalysis.”> Noble metal@semiconductor core-shell
nanostructures provide 3D contact between the core and shell, resulting in a wider
interfacial area. which results in strengthening the direct interfacial electronic exchange
between the core and shell. Also, development of Au@semiconductor core—shell
nanostructures is an innovative approach to shield the Au nanocrystal core from
agglomeration and chemical corrosion during harsh reaction conditions and provide the
maximum and profound interface between Au and the semiconductor, which is essential

for separation of charge carriers and their transport.*® *’

While many investigations
into ZnO with Au nanoparticles have been conducted,*®? but still there is a lot of room
to investigate simple and rational synthetic strategies for obtaining these core-
shell nanomaterials which provide significantly improved photocatalytic activity
especially in case of photocatalytic water splitting. Absorption of UV light, creation of
electron hole pairs, transfer of electrons from conduction band of ZnO to metal and
catalytic reactions by these hybrid nanocomposites lead to the evolution of H, or O,
comprise the mechanism for photo-catalytic water splitting. Hence, these integrated
nanocomposites will help in understanding optical absorption, charge carrier excitation,

as well as transfer in photocatalytic applications

Motivated by the aforementioned concepts, this chapter of the thesis provides a new
synthetic approach to design a novel nanocomposite (NC) of ZnO nanopetals with Au
nanostar at its core (Au@ZnO NC). Further confirmation of the prepared NCs was done

by using different optical and structural characterizations. The synthesized Au@ZnO
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NCs was utilized as a catalyst for photocatalytic water splitting for H, and O,

production.
5.2. Experimental Section
5.2.1. Materials

Zinc Nitrate hexahydrate (Zn(NO3),.6H,0), Sodium Hydroxide (NaOH), Gold chloride
trihydrate (HAuCls. 3H20), Trisodium citrate dihydrate (TSC), Silver nitrate (AgNO3),
L- Ascorbic acid (AA), Hydrochloric acid (HCI), and Sodium dodecyl sulphate (SDS)
were purchased from Sigma-Aldrich. All the reagents were used without further
purification. Milli-Q (MQ) water was used during the experiment. Glass apparatus was

cleaned thoroughly with aqua regia and rinsed with MQ water.
5.2.2. Experimental procedures
5.2.2.1. Synthesis of Au nanostars

We have followed the same procedure as mentioned in chapter 3 of the thesis for the

synthesis of Au nanostars.
5.2.2.2. Synthesis of Au@ZnO NCs

Au@ZnO NCs, a novel metal-semiconductor nanostructures, were synthesized in
aqueous phase under subtle conditions, without the inclusion of any corrosive chemicals
or severe reaction conditions (Scheme 5.1). Two key concepts underpin our approach:
first, touse Au nanostars as the core material, and second, touse a solution of
Nay(ZnO), as the source for ZnO to grow shell in nanopetal shape around the core.
Before initiating the synthesis of the Au@ZnO NCs, the solution of sodium zincate
needed to be prepared. In order to accomplish this, 10 mL of 10 mM solution of
Zn(NO3),.6H,0 was prepared and 2 M of NaOH solution was added under stirring. On
addition of NaOH solution, white precipitates of Zn(OH), were formed in the solution.
These white precipitates were dissolved by adding excessive amount of 2 M NaOH

solution which led to the formation of sodium zincate (Na,ZnO;). Now, to prepare
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Au@ZnO NCs, 1 mL of Na,ZnO; solution (aged for 24 hours) was diluted with 4 mL of
H,0 and added to 10 mL solution of Au nanostars prepared in section 2.2 under stirring
at 80°C. After 30 min, the heat was turned off, and the reaction mixture was stirred
overnight. Next, the reaction mixture was centrifuged at 3000 RPM for 10 min at 20°C,
collected the residue, redispersed it in H,O and lyophilized it to obtain the powder form
of Au@ZnO NCs.

y .. \k( Sodium Zincate 7L 7 4 o«
 AWANA N o
/\ (80°C)

Au NSs Au@ZnO NSs

Scheme 5.1. Schematic depiction for synthesis of Au@ZnO NCs.
5.2.2.3. Photocatalytic water splitting experiments

For the photocatalytic H, production, 30 mg of Au/ZnO photocatalyst was well-
dispersed in 50 mL of aqueous solution containing 0.3 M Na,SO3; which serves as hole
scavenger. The scavengers can consume the photo-generated hole on the surface of the
catalysts and prevent the recombination of photo-generated electrons and holes. For the
photocatalytic O, evolution, 30 mg of catalyst was well-dispersed in 50 mL of aqueous

solution containing 0.1 M Na,S,0g which acts as sacrificial electron acceptor.

The prepared Au nanostars and Au@ZnO NCs were characterized by UV-Vis
spectrophotometer, TEM, XPS, and PXRD as mentioned in chapter 2 of the
thesis. The photocurrent response was measured with using a Metrohm Autolab
(Multichannel-204) connected to a standard three-electrode electrochemical cell using
Nova 2.1.4 software as described in chapter 2. For this, a standard three-electrode
framework with a 0.05 M Na,SO, electrolyte solution, Pt wire as the counter electrode

and an Ag/AgClI (3 M KCI) electrode as the reference electrode was employed.
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5.3. Results and discussion
5.3.1. Optical and structural characterizations of Au@ZnO NCs

The process of ZnO shell around the Au nanostar core is monitored by UV-Vis
absorption/extinction spectroscopy. Figure 5.1 shows the UV-Vis extinction spectra of
prepared pure Au nanostars, ZnO nanopetals without core, and core-shell Au@ZnO
NCs which are formed by mixing of Na,ZnO, and Au nanostars after heat treatment. An
extinction band position at 730 nm is observed for Au nanostars, which is redshifted to
800 nm after the formation of ZnO shell in nanopetal form. The formation of ZnO shell
on Au NPs cores is responsible for this red shift because their refractive index (2.003) is
larger than that of water (1.33).% Extinction position of pure ZnO is found at 350 nm

which is attributed to excitonic band?*2®

of pure ZnO nanoparticles. The extinction peak
of ZnO is intact in Au@ZnO NCs indicating the incorporation of Au nanostars and ZnO
nanopetals. In Au@ZnO NCs, the formation of a thick ZnO shell may account for the

lower extinction intensity measured for Au nanostars.?®
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Figure 5.1. Normalized UV-vis extinction spectra of Au nanostars (black), ZnO
nanoparticles (red), and Au@ZnO NCs (blue).

The crystalline nature and crystal faces of Au@ZnO NCs were analyzed by powder X-
ray diffraction (PXRD) study. As can be seen in Figure 5.2, Au@ZnO NCs exhibit
characteristic diffraction peaks at 20 = 38.12°, 44.28° 64.53°, and 77.56°,
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corresponding to (111), (200), (220), and (311), respectively, indicating the existence of
Au (JCPDS no. 01-1174).2% %" Other peaks have been found at angles 31.70°, 34.80°,
36.22°, 47.60°, 56.60°, 62.76°, 66.43°, 67.95°, and 69.15° corresponding to (100),
(002), (101), (102), (110), (103), (200), (112), and (201), respectively. These peaks
indicate the presence of ZnO (JCPDS 36-1451)* % in Au@zZnO NCs. In
nanocomposites of Au@ZnO, the presence of peaks corresponding to both Au and ZnO,
as well as the sharpness of those peaks, indicate that both components are present, and
also the nanocomposites are of a highly crystalline nature. Hence, the nanocomposites
are composed of face centered cubic phase of Au and hexagonal wurtzite structure of
ZnO. There was also no detectable change in the position of any diffraction peak or the

presence of any other crystalline impurities.
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Figure 5.2. Powder XRD pattern of Au@ZnO NCs.

The chemical composition and electronic structure of the Au@ZnO NCs were analyzed
using X-ray photoelectron spectroscopy (XPS). Figure 5.3a shows the wide XPS survey
spectrum, which clearly displays the elemental peaks of Zn, Au, and O. High-resolution
XPS spectra of the Au 4f (Figure 5.3b) shows two peaks at 84.01 eV and 87.66 eV
corresponding to Au 4f;, and Au 4fsj,, respectively. This binding energy attributes to
the presence of metallic Au with zero oxidation state. The other two peaks 89.20 eV and
91.41 eV corresponds to Zn 3ps, and Zn 3py/,. These peaks are ascribed to +2 oxidation
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state of Zn.?® Also, the peaks in Figure 5.3c are positioned at 1021.63 and 1044.75 eV,
which are attributed to the Zn 2ps, and Zn 2py, of Zn*2? In Figure 5.3d, the peak
positioned at 530.40 eV binding energy is attributed to lattice oxygen present in ZnO.*
Moreover, the oxygen species present in the hydroxyl groups which are adsorbed
on surface of Au@ZnO NCs are responsible for the peak centred at binding energy of
532.01 eV.*> 3! Hence, XPS study reveals that the Au@znO NCs are purely the
combination of components Au and ZnO.
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Figure 5.3. (a) wide XPS survey spectrum of Au@ZnO NCs, High resolution XPS
spectra of (b) Au 4f, Zn 3p, (c) Zn 2p, and (d) O 1s elements present in Au@ZnO NCs.

Transmission electron microscopy (TEM) was used to examine the morphology, size,
and composition of as synthesized Au@ZnO NCs. Figures 5.4a and b show TEM
images of Au@ZnO NCs, with dark contrast at the core corresponding to the Au
nanostar core and light contrast corresponding to the ZnO in nanopetal shape

surrounding the core component. It has been observed that as synthesized Au@ZnO
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NCs, without size sorting, are highly monodisperse in nature. Overall, the average size
of Au@ZnO NCs was estimated to be 125 + 10 nm, while the average size of the Au
nanostar core was found to be 80 + 5 nm. Figure 5.4c and d of Au@ZnO NC shows the
lattice d spacing of 2.42A corresponding to (101) plane indicating that ZnO atoms are

arranged in a hexagonal wurtzite structure.*

Figure 5.4. (a-b) TEM images of Au/ZnO core shell nanostructures, (¢) HRTEM image

of Au/ZnO, and (d) Zoom in image showing the inter planer d spacing of marked area

in ().

The elemental composition of Au@ZnO NCs was further confirmed by Energy
dispersive X-Ray (EDX) spectrum shown in Figure 5.5. It was confirmed that elements
Au, Zn, and O are present in Au@ZnO NCs (Copper grid is the source of the Cu signal
in Figure 5.5). In order to gain a better understanding of the composition of these
Au@zZnO NCs, high-angle annular dark-field scanning transmission electron
microscopy (TEM) was also performed (HAADF-STEM) and depicted in Figure 5.6.

Element mapping analysis clearly demonstrated that Au, Zn, and O are the primary
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constituents present in the Au@ZnO NCs (Figures 5.6b-5.6d), and it was also observed

that the ZnO components are dispersed all over the core Au nanostar.
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Figure 5.5. EDX spectrum of Au@ZnO NCs.
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Figure 5.6. (a) HAADF-STEM image of single Au@ZnO NC and corresponding EDX
elemental mapping of Au (b), Zn (c), and O (d).
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5.3.2. Photocatalytic water splitting
5.3.2.1. Au@ZnO NCs as photocatalyst for H, and O, evolution reactions

With the stable dispersion of Au@ZnO NCs, we have performed the photocatalytic
water splitting under 360 nm laser irradiation for H, and O, evolution using Na,SO3 and
Na,S,0s as sacrificial agents, respectively. The time-dependent photocatalytic oxygen
and hydrogen evolutions for Au@ZnO NCs are depicted in the Figure 5.7a. The oxygen
and hydrogen evolution efficiencies using Au@ZnO NCs as a catalyst were
significantly increased to 19, and 63 pmol/g after 20 min of irradiation, respectively.
After 4 h, the oxygen and hydrogen evolution efficiencies were observed to be 177, and
518 umol/g, respectively. It is clear from this observation that the synthesized Au@ZnO
NCs act as good photocatalyst for the H, and O, productions from water splitting. In
addition, the kinetics of H, evolution on this catalyst is investigated by means of
electrochemical impedance spectroscopy (EIS) when exposed to light. Figure 5.7b
depicts a Nyquist plot of an EIS spectrum, and the inset of this figure proposes a
simplified equivalent circuit that can be used to fit this spectrum. The charge transfer
resistance was determined to be 33.46 ohm. A lower charge transfer resistance indicates
a higher rate of charge transfer using Au@ZnO NCs photocatalyst during photocatalytic
water splitting.
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Figure 5.7. (a) Time-dependent photocatalytic hydrogen and oxygen gas production
profiles of Au@ZnO NCs (Error bars indicate standard deviation for three
measurements), and (b) Impedance spectrum of Au@ZnO NCs.
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5.3.2.2. Recycling test of catalyst Au@ZnO NCs for H, and O, production activity

Moreover, recycling test was performed on the both oxygen and hydrogen production
activity of Au/ZnO nanostructure to evaluate the stability of the catalyst. After five
cycles, there is no considerable decrease observed in the H, production (Figure 5.8a),
whereas 4.4% decrease in O, production efficiency was observed (Figure 5.8b),
indicating the good stability of the catalyst during the photocatalytic water splitting.
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Figure 5.8. Stability of Au@ZnO NCs for photocatalytic H, (a), and O, gas production

(b) for five cycles.
5.3.3. Plausible mechanism for the photocatalytic water splitting

To get mechanistic insights for the photocatalytic water splitting into H, and O, using
Au@2ZnO NCs, it is important to have idea about the valence band (VB) and conduction
band (CB) alignments within the catalyst. For this, the Tauc plot of (ahv)? vs hv was
plotted for the calculation of band gap energy of Au@ZnO NCs and it was estimated
that optical band gap energy between VB and CB was 3.31 eV (Figure 5.9a). Now, to
know the position of Fermi level (Ef) or work function (¢), ultraviolet photoelectron
spectroscopy (UPS) was carried out and ¢ was found to be 4.17eV (Figure 5.9b) and
further to evaluate the position of VB from Ef valence band scan from X-ray

photoelectron spectroscopy (XPS) was recorded and position of valence band was

found to be 2.03eV (Figure 5.9¢).
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Figure 5.9. (a) Tauc plot indicating optical band gap, (b) UPS spectrum indicating
work function, and XPS valence band spectrum indicating position of VB from E; of
catalyst Au@ZnO NC.

On the basis of the above observations, the possible mechanism of the photocatalytic
water splitting for H, and O, evolution using photocatalyst Au@ZnO NC is elucidated
based on the alignments of bands of Au@ZnO NC depicted in Figure 5.10.%* ** As the
water splitting reaction takes place in two half reactions: H; evolution reaction and O,
evolution reaction. Under UV light illumination, photogenerated electrons are created in
the VB of ZnO and travel through the nanocomposite to the CB, leaving behind positive
holes. Multiple consumers exist for these electrons. They can either combine with the
material's internal voids and surface species to form new particles, or they can react
with protons to yield H, gas. For the photocatalytic H, production, Na,SO3 serves as
hole scavenger for the holes left behind in VB (Figure 5.10a). As the E lies lower than
the CB, the electrons also transfer from CB to Au which acts as a sink for electrons. The
electrons accumulated in the Au are being utilized for the H, production. For the O,
evolution, Na,S,0g serves as electron scavenger for the electrons in CB of ZnO and E;
of Au. The holes left behind in the VB are being utilized for the O, evolution (Figure
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5.10b). Conclusions drawn from the aforementioned indicate that the hydrogen and
oxygen production rates can be significantly increased by using Au as a sink for

electrons to effectively suppress the recombination of electrons and holes.
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Figure 5.10. Schematic diagram of band alignments in Au@ZnO NC and mechanism of
photo-generated charge separation for (a) H, evolution reaction, and (b) O, evolution
reaction.

5.3.4. Conclusion

In conclusion, a simple solution phase methodology was used to successfully synthesize
a petal-shaped Au@ZnO hybrid nanocomposite which are further confirmed with
optical and structural characterizations. The prepared catalyst was used for
photocatalytic water splitting under light illumination. Au@ZnO NCs exhibited
hydrogen and oxygen evolution up to 518 and 177 umol g, respectively. Charge
separation in ZnO shells was significantly accelerated due to presence of Au, which acts
as electron sink. Because of this, the photocatalyst was effective at producing H, and
0O,. In this study, Au@ZnO NCs were found to be promising for photocatalytic water

splitting, which could have significant implications for the field of energy conversion.
Note:
v This manuscript is under preparation.
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6.1. Introduction

A rise in energy consumption is inevitable, given the expanding human population and
the burgeoning pace of modern society. Along with photocatalytic water splitting to
produce H, (As mentioned in chapter 5 of the thesis), Electrochemical hydrogen
production is another practical approach which has the potential to effectively lessen
global energy crises and lead to a long-term solution. Since the anodic oxygen evolution
reaction (OER) has a slow Kkinetics, it is still a concern for large-scale hydrogen
synthesis via electrochemical water splitting.!® OER requires a greater overpotential
than HER to overcome the kinetic energy barrier. Conventional electrocatalysts based
on noble-metal oxides such as IrO, and RuO,, are considered as benchmark catalysts for
the OER reaction exhibiting high activity in both acidic and alkaline electrolytes,® but
these materials are less abundant and suffer from poor sustainability.” Other transition
metal based nanostructures have also been reported for their extensive uses in

electrocatalysis for OER due to low-cost and good stability.***®

Othman et al. illustrated the use of Au nanoparticles modified glassy carbon electrodes
in OER.* Au nanoparticles are assumed to speed up the affirmative adsorption of OH"
which is necessary step for OER. Thus, the charge transfer during the transformation of
water into oxygen molecule can be obtained at reasonably less positive potential
accelerating OER.? It has also been reported that the conductivity can be enhanced and
the necessary active sites for OER can be formed by combining silver (Ag)
nanoparticles with double-layered metal hydroxide nanosheets.” We found that the
kinetics of electrocatalytic reactions could be altered by the cooperative effect of
bimetallic nanostructures, as opposed to those made of a single metal. For example,
Zhuang et al. demonstrated that the core-shell type Au@Co30,4 nanocrystals exhibited
enhanced OER current density as compared to Au and Co3O, nanocrystals alone.”? Hou
et al. showed Ag@CoxP core—shell type heterogeneous nanostructures as better catalyst
for excellent OER activity and stability in preference to only Co,P nanoparticles.? It
has been observed experimentally that systems involving the integration of two distinct

materials achieve higher levels of electrocatalytic activity.?*?” Only a small number of
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reports have been published so far on the use of pure plasmonic nanoparticles as
catalysts for OER and HER in the context of electrocatalytic water splitting, indicating
that this area of research is still in its infancy.'® % 2° Therefore, it is of great interest to
design novel catalysts by changing the geometry and electronic structure of the
plasmonic nanostructures to achieve excellent sustainability and high efficiency in
breaking the kinetic barrier and speeding up the OER process.

In traditional electrocatalytic OER, Binders are used to physically connect the active
material and conducting material. Electrochemical performance can be hindered when
the binder material prevents ions from moving freely.*® So, a binder material should be
conductive for the transport of required ions. Commonly used binders like Nafion,

however, have a low conductivity towards the transport of hydroxide ions>! %

, resulting
in swelling of catalytically active sites can poison the activity of the catalyst.®
Recently, a few research teams have shown that DNA can be used to enhance the

34, 35

activity of metal catalysts in water splitting electrocatalysis, methanol oxidation,*

oxygen evolution reaction,*’

electrocatalytic water oxidation with the use of any
external binder.®® * Binding DNA with metal nanostructures provides stability to
catalysts when stored in refrigerator. The presence of phosphate backbones in the DNA
scaffold also increases its activity, from an OER perspective. This provides the
advantage of low loading of catalyst as compared to conventional loading.*® Thus, DNA
can function as a binder and stabilizer, demonstrating superior electrocatalysis when
combined with metals.*>*> DNA origami is a recently developed, highly effective
method for controlling the precise placement of nanoparticles during the assembly of
various nanostructures.***® These methods of assembly are more efficient and less
expensive than the conventional top-down lithographic methods of positioning metal
nanoparticles.*” DNA origami provides very long phosphate backbone for the
adsorption of metal ions resulting in increased surface area.*® * In this way, the
electrochemical surface area and the density of energetic/active sites are both increased
through the controlled assembly of nanostructures on a DNA origami template, which

in turn improves electrocatalysis.
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The work in this chapter presents the fabrication of DNA origami templated AU@Ag
nanostars. These DNA origami templated nanostructures were then used in
electrocatalytic oxygen evolution reactions. For an electrocatalyst to be effective for
OER, its stability, activity, and charge kinetics are crucial aspects that need to be taken
into consideration. Hence, the overpotentials required to generate a current density of 10
mA cm ? and Tafel slope values for DNA origami templated Au@Ag nanostars, ss-
DNA functionalized Au@Ag nanostars and Au@Ag nanostars with external binder
were compared. Mainly we have observed the effect of incorporation of DNA origami
and Ag coating over the Au nanostars on OER performance. Along with this, OER
performance of DNA origami templated Au nanostars was compared with that of ss-
DNA functionalized Au nanostars and only Au nanostars with external binder. This
study fills in a gap by explaining how DNA origami can act as a binder and stabilizer,
and how a conducting Ag coating over Au nanostars can boost OER activity which

remained unexplored earlier.
6.2. Experimental section
6.2.1. Materials

Gold chloride trihydrate (HAuCl4.3H,0), Tri-sodium citrate (TSC), L- Ascorbic acid,
Silver nitrate (AgNO3), Hydrochloric acid (HCI), Ammonium hydroxide solution
(NH4OH) 25%, Tris-(carboxyethyl) phosphine hydrochloride (TCEP.HCI), Magnesium
chloride hexa-hydrate (MgCl,.6H,0), Sodium dodecyl sulphate (SDS) and Sodium
chloride (NaCl) were purchased from Sigma- Aldrich and used as received. M13mp18
single stranded DNA was procured from New England Biolabs and was used without
further purification. All the DNA oligonucleotides were purchased from Integrated
DNA technologies (IDT) with HPLC purification. Tween 20, and Acetic acid
(CH3;COOH)  were  purchased from  Merck. Buffer  solutions tris
(hydroxymethyl)aminomethane (Tris base), 1 M potassium phosphate monobasic
solution (KH,PO4), 1 M potassium phosphate dibasic solution (K;HPO,),
ethylenediaminetetraacetic acid disodium (EDTA) were purchased from Sigma Aldrich

and used without further purification. Sephacryl S-300 high resolution resin was bought
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from GE Healthcare. 5 % Nafion™ 117 solution (Sigma-Aldrich), potassium hydroxide
(KOH, Loba Chemie) and MilliQ water was used to carry out all the experiments. All
the glasswares were cleaned with aqua regia, water, and MilliQ water before using for

experiments.

6.2.2. Experimental procedures

6.2.2.1. Synthesis of Au nanostars and Au nanostars coated with Ag layer (Au@Ag
nanostars)

The procedure which was followed for the synthesis of Au nanostars and

Au@A(g nanostars was same as described in chapter 3 of the thesis.
6.2.2.2. Synthesis of rectangular DNA Origami

The DNA origami having rectangular shape was synthesized by the methodology
explained in chapter 2 of the thesis.

6.2.2.3. Synthesis of ss-DNA functionalized Au@Ag nanostars

DNA functionalization of Au@Ag nanostars was carried out by using a fast pH assisted
method as described in our earlier report and as mentioned in chapter 2.* First, to
deprotect the DNA oligonucleotides, S-S bond of disulfide protected DNA
oligonucleotides were cleaved by incubating it with 200x molar excess of TCEP.HCI at
room temperature for 3 hours. Afterward, to 1 mL solution of Au@Ag nanostars, the
addition of 5’ thiol terminated deprotected ss-DNA oligonucleotides with the DNA
sequence: 5’-SH-CGTCGTATTCGATAGCTTAG-3’ was done which further tailed by
stirring for 10 min. After that, 10% Tween 20 solution was added and again stirred for
10 min and after this, a 4:5 mixture of KH,PO, and K,;HPO, buffers was added to the
solution. After leaving this reaction mixture for overnight incubation with stirring,
stepwise additions of PBS solution containing 2 M NaCl and 0.1% Tween were carried
out till the final concentration of NaCl was reached to 750 mM. Then the so obtained
solution was slowly stirred for few hours at room temperature and purification was done
by centrifugation followed by redispersion in 0.5xTAE. Scheme 6.1 shows the

schematic for the synthesis of ss-DNA functionalized Au@Ag nanostars.

170



DNA Origami-Templated Bimetallic Core-Shell Nanostructures for Enhanced OER

@=gH Sy
C—

5’ thiolated 6NA

Scheme 6.1. Schematic illustration for the synthesis of ss-DNA functionalized Au@Ag

nanostars.
6.2.2.4. Synthesis of DNA origami templated Au@Ag nanostars assemblies

For the hybridization of ss-DNA functionalized Au@Ag nanostars with rectangular
DNA origami, DNA origami was mixed with ss-DNA functionalized Au@Ag nanostars
in a 1:2 molar ratio in 0.5xTAE buffer containing 300 mM NaCl. The above-mentioned
solution mixture was kept in a PCR thermocycler (Bio-rad C1000) and heated
repeatedly between 20°C and 40°C for about 12 hours for the formation of assemblies
of DNA origami templated Au@Ag nanostars (Scheme 6.2). Using similar method,

DNA origami templated pure Au nanostars were also prepared.

vvvvvvv
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Rectangular DNA origami Au@Ag nanostar

Scheme 6.2. Schematic illustration for the synthesis of DNA origami templated Au@Ag

nanostar assemblies.
6.2.2.5. Preparation of TEM samples

For recording the TEM images of Au@Ag nanostars, the sample solution was directly
drop casted on the carbon coated copper grids and dried in vacuum desiccator. For the
imaging of DNA origami and DNA origami templated Au@Ag nanostars assemblies,

firstly the carbon coated copper grid was activated by 6 pL of 1 M MgCl,. After that 6
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ML of the sample was dropped over the grid and wicked after 3 min. The grid was

negatively strained with uranyl acetate solution (2% w/v) and then dried for some time.
6.2.2.6. Preparation of AFM samples

AFM imaging of the DNA origami and DNA origami templated Au@Ag nanostars
assemblies were carried out by preparing the samples onto mica sheets of V1 quality.
For this, firstly mica surface was cleaved then activated by using 50 mM MgCl, and
after 10 min washed with water and dried in air. After this, 20 pL of purified sample
was drop casted over the mica surface and after 10 min, washed with water and dried by

using nitrogen gun gently.
6.2.2.7. Electrochemical measurements

All the electrochemical measurements were carried out at room temperature using
Metrohm Autolab (Multichannel-204) connected to a standard three-electrode system
using Nova 2.1.4 software. Platinum (Pt) electrode and Ag/AgCl (3M KCI) electrode
were used as a counter electrode and reference electrode for the electrochemical OER
studies, respectively. For the measurements, 5 ulL aqueous solution of catalyst was drop
casted on the glassy carbon (GC, diameter 3 mm) electrode and catalyst loaded GC was
kept in vacuum desiccator for overnight drying. For the preparation of catalyst ink of
Au nanostars and Au@Ag nanostars, 20 uL 5% Nafion solution used. Notably, Nafion
solution was not used for the ink preparation of ss-DNA functionalized Au@Ag
nanostars, DNA origami templated Au@Ag nanostars and DNA origami templated Au
nanostars catalysts. The dried electrode was then used as working electrode (WE) for
the study of oxygen evolution reaction (OER). All the electrochemical experiments
were performed at the room temperature in 1 M KOH solution (pH = 13.8) as an
electrolyte. The loading of catalyst on GC surface was 0.321 mg cm™. Linear sweep
voltammetry (LSV) analysis was performed in potential range of 0 to 1 V vs. Ag/AgCl
electrode with a scan rate of 10 mV s™ and cyclic voltammetry (CV) experiments were

carried in the potential range of 0.15 V to 0.25 V with scan rate varying from 10 to 50
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mV s™. The Nyquist plot was performed at frequencies from 100 kHz to 0.1 Hz. All
potentials were calibrated versus RHE using the following Nernst Equation (6.1).

Epug = E(%) + 0.059pH + Egef Equation 6.1
The electrochemically active surface area (ECSA) is proportional to the electrochemical
double layer capacitance (Cq) of the material and the value of ECSA can be easily

calculated using the following equation (6.2).%%>

ECSA = Cdl/Cs Equation 6.2

Here, C; is the specific capacitance of flat working electrode and its value is 40 uF cm™
per cm?ecsa for the flat electrode. The double-layer capacitance (Cg) was calculated

from the slope of anodic current (J,) and cathodic current (Jc) vs scan rate plot.

As synthesized Au nanostars, Au@Ag nanostars, DNA origami, DNA origami
templated Au@Ag nanostars were characterized by UV-Vis spectrophotometer, TEM,
and AFM, as described in chapter 2 of this thesis.

6.3. Results and discussion

6.3.1. Structural and optical characterizations of DNA origami templated AU@A(g

nanostars

To begin, a rectangular DNA origami was synthesized by employing M13MP18 single-
stranded DNA scaffold and utilizing the small staple strands. The purified/ filtered
DNA origami was characterized with help of AFM and TEM imaging. The fabrication
of the DNA origami was confirmed by AFM and TEM images as shown in Figure 6.1.
AFM images in Figure 6.1a, b indicate the formation of DNA origami of dimensions ~
90 x 60 nm. Height profile of rectangular DNA origami is illustrated in Figure 6.1c
indicating the height of DNA origami about 2 nm. TEM images of DNA origami as
shown in Figure 6.1d, e also confirm the rectangular shape of DNA origami with ~ 90 x

60 nm dimensions.
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Figure 6.1. (a, b) AFM images of rectangular DNA origami, (c) corresponding height
profile, and (d, e) TEM images of rectangular DNA origami.

The bimetallic silver coated Au nanostars that were utilized in this investigation were
synthesized by adhering to a procedure under mild conditions. Due to the fact that gold
and silver both have similar lattice fringes, the use of gold nanostars as the core material
for the application of silver coating was deemed appropriate. This results in the coating
over the Au nanostars leaving their shape and size intact. The process of Ag coating
over the Au nanostars was monitored through the UV-vis absorption/extinction
spectroscopy and the required extinction spectra is illustrated by Figure 6.2. Figure 6.2
shows the extinction spectrum of Au nanostars which indicated the plasmon resonance
peak at 730 nm. However, after the coating with Ag, the extinction peak of AuU@Ag

nanostars was blue shifted to 524 nm as depicted in Figure 6.2 covering the entire
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visible range which indicates the formation of Ag coated Au nanostars. Also, the digital
images of as prepared Au nanostars and Au@Ag nanostars are shown in the inset of
Figure 6.2. The plasmon resonance extinction peaks observed in UV-vis spectra are in

agreement with the previously published reports.>*®
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Figure 6.2. UV—vis extinction spectra of Au nanostars and Au@Ag nanostars (the inset

shows digital images of nanostar solutions).

To check the morphology and shape, TEM imaging of Au nanostars and Au@Ag
nanostars was conducted (Figure 6.3). Figure 6.3a, b depicts that the Au nanostars are
formed with high uniformity and sharp tips. It was also revealed from the TEM images
that the average size Au nanostars from tip to tip was found to be around 75 = 5 nm. As
it is clear from the TEM images that the tips and core of Au nanostars are well coated
with Ag shell. Without the size sorting, Figure 6.3c, d depicts that the Au@Ag
nanostars attain the well monodispersity. It has been observed that the average size for
these nanoparticles was found to be 80 £ 5 nm.
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Figure 6.3. TEM images of Au nanostars (a and b), and Au@Ag nanostars (c and d).

The HAADF- STEM image of Au@Ag nanostars is shown in Figure 6.4a and elemental
mapping images are presented in Figure 6.4b, ¢ which clearly illustrate the presence of
Au in core and Ag in shell in the Au@Ag nanostars. Also, The TEM- Energy dispersive
X-ray (EDX) study (Figure 6.5) also showed that both Au and Ag are incorporated in

Au@A(g nanostars, signifying their successful formation.
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Figure 6.4. (a) HAADF-STEM image, and (b, c) the elemental mapping images of
Au@Ag nanostars.
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Figure 6.5. Energy Dispersive X-Ray (EDX) spectrum of Au@Ag nanostars.

After the successful synthesis and characterization of Au@Ag nanostars, these were
functionalized with thiol modified ss-DNA oligonucleotides by using salt ageing
method. UV-vis spectra of Au@Ag nanostars before and after the DNA
functionalization are shown in Figure 6.6 which indicates some red shifting from 524
nm to 533 nm due to the change in dielectric constant of surrounding medium after the
DNA functionalization of Au@Ag nanostars. This result is in consistent with previous

reports by our group. ***®
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Figure 6.6. UV-Vis extinction spectra of AU@Ag nanostars before and after ss-DNA

functionalization.

Now, the prepared rectangular DNA origami was used to immobilize the ss-DNA-
functionalized Au@Ag nanostars. For fabrication of nanostar monomer immobilized
on DNA origami, there are some predefined positions as explained in our previous
report*® on DNA origami with the help of capturing strands hanging on the surface
of DNA origami. As it can be observed that the dimensions of DNA origami and
size of prepared nanostructures are almost similar so each DNA origami is able to
hold a single Au@Ag nanostars. This was further demonstrated by AFM images
shown in Figure 6.7a and corresponding height profile is illustrated inset of Figure
6.7a indicating the immobilization of single nanostar over the DNA origami. The
origami template is not clearly visible because it is completely hidden under the
nanostars. Also, TEM images illustrated in Figure 6.7b indicates the successful
formation of nanostar monomers over the DNA origami. In Figure 6.7c, origami
template is also clearly visible holding a single Au@Ag nanostar. All these
structural and characterizations confirm the successful formation of the DNA

origami templated Au@Ag nanostars assemblies.
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Figure 6.7. (@) AFM images of DNA origami-templated Au@Ag nanostar assemblies
(the inset shows the corresponding height profile) and (b and ¢) TEM images of DNA
origami-templated Au@Ag nanostar assemblies.

6.3.2. Electrochemical OER performance

After the successful synthesis of Au nanostars, Au@Ag nanostars, ss-DNA
functionalized Au@Ag nanostars, and DNA origami templated Au@Ag nanostars, their
electrocatalytic activities were studied toward oxygen evolution reaction (OER) in 1 M
KOH solution using a typical three-electrode system at room temperature (Figure 6.8).
For the control set of OER studies, we have also carried out the OER activity of DNA
origami templated Au nanostars, ss-DNA functionalized Au nanostars and DNA
origami (Figure 6.9). To evaluate the OER activity we have performed linear sweep
voltammetry (LSV) study of the catalysts and it has been found that DNA origami
templated Au@Ag nanostars exhibited lowest overpotential of 266 mV than ss-DNA
functionalized Au@Ag nanostars (294 mV), Au@Ag nanostars (309 mV), DNA
origami templated Au nanostars (336 mV), 1rO, (353 mV), ss-DNA functionalized Au
nanostars (377 mV), Au nanostars (394 mV) and DNA origami (505 mV) to achieve a
current density of 10 mA cm™ (Figure 6.8a).
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Figure 6.8. (a) Polarization curves (LSV) and (b) corresponding Tafel plots of Au
nanostars, 1r02, Au@Ag nanostars, ss-DNA-functionalized Au@Ag nanostars, and
DNA origami-templated Au@Ag nanostars. (c) Electrochemical impedance spectra of
the catalysts recorded at 350 mV (Ag/AgCl).

The kinetics or rate of activity of the as synthesized catalysts towards OER was
evaluated by the Tafel slope analysis as shown in Figure 6.8b and Figure 6.9. Tafel
slope of DNA origami templated Au@Ag nanostars was calculated to be 59 mV/dec
which was smallest than ss-DNA functionalized Au@Ag nanostars (72 mV/dec),
Au@Ag nanostars (74 mV/dec), DNA origami templated Au nanostars (75 mV/dec), ss-
DNA functionalized Au nanostars (83 mV/dec), IrO, (78 mV/dec), Au nanostars (115
mV/dec), and DNA origami (168 mV/dec). So, except Au nanostars rest of the catalyst

showed superior OER activity in alkaline medium.
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Figure 6.9. (a) polarization curves (LSV), and (b) corresponding Tafel plots of DNA

origami templated Au nanostars, ss-DNA functionalized Au nanostars and Au

nanostars, respectively. (c) Electrochemical impedance spectra of the catalysts at 350
mV (Ag/AgCl).

To further get into detailed information for superior OER activity and the role of DNA
toward electrochemical OER process, we have studied electrochemical impedance
spectroscopy (EIS). EIS spectra were fitted using an equivalent circuit model (Figure
6.8c, inset). From EIS study, solution resistance (Rs) and charge-transfer resistance (Rc;)
of the catalysts were calculated and it has been found that DNA origami templated
Au@Ag nanostars possessed very small R¢ value of 39.23 Q. R values of ss-DNA
functionalized Au@Ag nanostars, Au@Ag nanostars, DNA origami templated Au
nanostars, ss-DNA functionalized Au nanostars, Au nanostars, and DNA origami were

found to be 98.17, 217.69, 283.15, 339.86, 342.54, and 711.36 Q, respectively (Figure
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6.8c and Figure 6.9c). So lower R value facilitates the charge transfer process from the
catalyst surface to electrolyte during OER process under an applied potential. So, LSV,
Tafel analysis, and EIS study showed that ss-DNA functionalized Au@Ag nanostars
and DNA origami templated Au@Ag nanostars exhibited much better OER
performances than Au@Ag nanostars without DNA functionalization with binder and
same trend of results also achieved by ss-DNA functionalized Au nanostars, DNA
origami templated Au nanostars and Au nanostars without DNA with binder. So, it is
clearly indicating that DNA has a significant influence towards OER activity. Transport
of ions and electrons is an another important step in the OER process, DNA origami
acts as a superior transporter of hydroxide ions and electrons due to having numerous
binding sites (PO4>, -NH; etc) in DNA origami, followed by the synergism assisted by
PO,> from DNA also enhance the overall OER activity.*> Most importantly, instead of
using binder, electrochemically active surface area (ECSA) of Au@Ag nanostars was
also increased when Au@Ag nanostars was functionalized with DNA. ECSA values of
DNA origami templated Au@Ag nanostars, ss-DNA functionalized Au@Ag nanostars,
Au@Ag nanostars, DNA origami templated Au nanostars, ss-DNA functionalized Au
nanostars, Au nanostars, and DNA origami were calculated to be 78.87, 55.00, 27.5,
18.37, 14.37 and 8.37 cm?, respectively (Figure 6.10, 6.11 and Table 6.1). So external
binder such as nafion was not only blocking the active sites of the catalyst but also
inhibiting the charge transfer rates at the interface between catalyst and electrolyte
during OER process.®” *! Due to the presence of very long phosphate backbone in DNA
origami structures (consisting of ~7800 base pairs), the OER activity of DNA origami-
templated nanostars were found to be higher compared to ss-DNA functionalized

nanostars. Comparison with literature is shown in Table 6.2.
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Figure 6.10. (a-b) Cyclic voltammetry curves and (d-e) plot of anodic current density
(Ja) and cathodic current density (Jc) against scan rate for the determination of double
layer capacitance (C4) of DNA origami templated Au@Ag nanostars, ss-DNA

functionalized Au@Ag nanostars and Au@Ag nanostars, respectively.
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Figure 6.11. (a-b) Cyclic voltammetry curves and (d-e) plot of anodic current density
(Ja) and cathodic current density (Jc) against scan rate for the determination of double
layer capacitance (Cgy) of DNA origami templated Au nanostars, ss-DNA functionalized

Au nanostars and Au nanostars, respectively.
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Table 6.1. Summary of electrochemical OER performance of Au nanostars, AU@Ag

nanostars, and ss-DNA functionalized Au@Ag nanostars, and DNA origami templated
Au@Ag nanostars catalysts in 1 M KOH.

System Overpotential Tafel slope Ret R Cal ECSA
at10mAcm | (MVdec?) @ | (@ (mFem?) | (cm?)

DNA origami 505 mV 168 711.36 | 0.35 - -
Au nanostars with 394 mV 115 34254 | 0.27 0.335 8.37
binder
ss-DNA 377 mV 83 339.86 | 0.32 0.570 14.25
functionalized Au
nanostars
Iro, 353 mV 78 - - - -
DNA origami 336 mV 75 283.15 | 0.28 0.735 18.37
templated Au
nanostars
Au@Ag nanostars 309 mV 74 217.69 | 0.24 1.100 27.5
with binder
ss-DNA 294 mV 72 98.17 | 0.18 2.200 55.00
functionalized
Au@Ag nanostars
DNA origami 266 mV 59 39.23 (0.21 3.155 78.87

templated Au@Ag

nanostars
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Table 6.2. Comparison of OER activity of as synthesized DNA origami templated
Au@Ag nanostars with some reported Au or Ag or DNA based catalysts.

Catalyst Overpotential Tafel Electrolyte | References

(mV) at 10 slope

mA cm™

Co,P/Co,N@CNF- 360 107.42 1 MKOH »
DNA(C)
CoSe-DNA 383 71 1 MKOH %
Ag—Co(OH),@DNA 260* 72 1 MKOH 3
Ir-Ag Nanotubes 285 61.1 0.5 M H,SO, >
Au—Fe Nanoalloys 800 - 1 MKOH 60
Au-Ir 393 49 0.1 M HCIO, o1
AuCu@IrNi 308 58 0.1 M HCIO, 62
DNA origami 266 59 1 M KOH | Thiswork
templated Au@Ag
nanostars

* Overpotential at 50 mA cm™
6.3.2.1. Stability studies

Moreover, we have studied the stability of DNA origami templated Au@Ag nanostars
by performing 2500 continuous LSV cycles using 1M KOH electrolyte at a constant
scan rate of 50 mV s (Figure 6.12). After 2500 LSV cycles, the change in
overpotential at current density of 10 mA cm™ was only 4 mV (from 266 mV to 270
mV) which confirmed the superior durability of DNA origami templated Au@Ag

nanostars toward OER activity.
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Figure 6.12. Stability test: LSV curves of DNA origami-templated Au@Ag nanostars of
first and 2500th cycles of continuous operation.

Intriguingly, the chronoamperometric study of Au@Ag nanostars was severely
hampered by the fact that the binder clogged the catalyst's active site.
Chronoamperometric study of Au@Ag nanostars exhibited a loss of 15.3% current
density after 15 h stability test (Figure 6.13a), whereas DNA origami templated
Au@Ag nanostars showed 9.2 % loss of current density at a constant applied potential
of 266 mV for 15 h (Figure 6.13b). To further confirm the positive influence of DNA
towards the stability of OER performance of DNA origami templated Au@Ag
nanostars. We have also studied a series of chronopotentiometric measurements of
DNA origami templated Au@Ag nanostars in 1 M KOH for a total of 15 h with 3 h
interval at different current density values (20 to 100 mA cm™) (Figure 6.13c). DNA
origami templated Au@Ag nanostars showed a constant overpotential of 291, 324, 351,
373, and 394 mV at applied current density of 20, 40, 60, 80, and 100 mA cm?
respectively. Chronopotentiometric stability test showed that at different applied current
density the obtained overpotential of DNA origami templated Au@Ag nanostars for
OER activity remained almost constant. Thus, DNA serves as a binder, contributing to
the catalyst's excellent stability performance across a broad potential and current

gradient.
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Figure 6.13. Chronoamperometry study of (a) Au@Ag nanostars (using binder) at an

o

overpotential of 309 mV for 15 h, (b) DNA origami templated Au@Ag nanostars at an
overpotential of 266 mV for 15 h, and (c) Chronopotentiometric study of DNA origami
templated Au@Ag nanostars for OER activity in 1.0 M KOH as a function of current
density (20-100 mA/cm?).

6.3.2.2. Effect of OER on morphology of Au@Ag nanostars

After the OER study, the morphology of DNA origami-templated Au@Ag nanostars
was also investigated using TEM analysis which is depicted in Figure 6.14. No
morphological deformation of Au@Ag was observed. After conducting the stability
test, it was discovered that there was no aggregation of nanostars. In addition, the DNA

origami template that was holding the nanostar could be seen in the TEM images.

@* g v (b)
L
* v
: +
» *
2 . 4
2 (3

500 nm’ 4 T200nm

(© (d)

Figure 6.14. TEM images of DNA origami templated Au@Ag nanostars after
chronoamperometry stability.
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6.3.2.3. Most possessable mechanistic pathway for OER activity

DNA origami templated Au@Ag + OH™
— DNA origami templated A u@Ag — OH + e~ (stage 1)

DNA origami templated Au@Ag — OH + OH™
— DNA origami templated A u@Ag — 0" + e~ + H,0 (stage 2)

DNA origami templated Au@Ag — 0* + OH™
— DNA origami templated Au@Ag — OOH + e~ (stage 3)

DNA origami templated Au@Ag — OOH + OH™
— DNA origami templated Au@Ag — 0, + e~ + H,0 (stage 4)

DNA origami templated Au@Ag — O,
— DNA origami templated A u@Ag + O, (stage 5)

Here, the main active sites of DNA origami templated Au@Ag nanostars catalyst are
the metal center i.e., Au and Ag for the electrochemical OER activity in alkaline
medium. Transport of ions and electrons is an another important step in the OER
process, DNA origami boost the conductivity as well as acts as a superior transporter of
hydroxide ions and electrons due to abundance of binding sites (such as PO,*, -NH,
etc) in DNA origami, furthermore the synergism assisted by PO,*from DNA also

enhance the overall OER activity.*
6.4. Conclusion

In conclusion, this chapter lays out a straightforward synthetic method for developing
Au@Ag nanostars monomer bound to a rectangular DNA origami template, which were
then probed in electrochemical OER studies. It was found that the overpotential
required at a current density of 10 mA cm 2 was 266 mV for DNA origami templated
Au@Ag nanostars. Existence of lots of phosphate groups in DNA origami structure
improved the activity of the DNA origami templated Au@Ag nanostars. The Tafel
slope value was found to be lowest for DNA origami templated Au@Ag nanostars (59
mV dec™) which revealed that the charge transfer kinetics was facile in DNA origami
templated Au@Ag nanostars. DNA origami templated Au@Ag nanostars exhibited
almost constant current density at a constant applied potential of 266 mV for 15 h. This

study reveals that core shell Au@Ag nanostars are better catalyst as compared to only
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core Au nanostars due to the presence of highly conductive Ag layer on Au core.
Further, with the introduction of DNA origami to the Au@Ag nanostars resulted in
more pronounced and improved effect on OER reaction. Results from the combined
studies unmistakably demonstrated that DNA origami templated Au@Ag nanostars
exhibited higher OER activity and stability than other nanostars without DNA origami
structures. Thus, this research avenue opens up new possibilities for investigating
assemblies of metal nanostructures with DNA origami for potential application in the
developing field of hydrogen energy generation, in addition to other fields like

supercapacitors and sensors.
Note:

v Authors and the corresponding author of paper gave their approval for inclusion

of this work in present thesis. The corresponding publication is:

Gagandeep Kaur, Rathindranath Biswas, Krishna Kanta Haldar, Tapasi Sen “DNA
Origami-templated Bimetallic Core-shell Nanostructures for Enhanced Oxygen
Evolution Reaction” The Journal of Physical Chemistry C 2022, 126 (16), 6915-692.
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7.1. Summary of this thesis

This thesis is set out to explore the synthesis of unique shaped plasmonic nanoparticles
and their integrated structures with dielectric materials and semiconductors for
applications in numerous fields, including catalysis, therapeutics, and energy. Plasmonic
nanostructures offer the unique optical characteristics, such as absorption, scattering, and
field enhancements. These properties own to their LSPR which is dependent on shape,
size, and surrounding environment. The excitation and decay of generated localized
surface plasmons in plasmonic nanoparticles offer three excitation sources including
electric field, electron-hole pairs, and heat which can be exploited in different fields.
Therefore, plasmonic nanostructures' shape selection and integration with other materials,
including semiconductors, can aid in enhancing their properties, which in turn contribute
to improved applications. There are a total of six chapters which compose this thesis,

including chapter 7.

In the first chapter, an introduction to the optical properties of gold nanoparticles and
their bimetallic or integrated structures is presented. This chapter provides an overview of
the various mechanisms exhibited by plasmonic nanoparticles on light irradiation. It also
discusses the significance of plasmonic nanoparticles-based applications in a variety of
fields, such as photocatalysis, SERS, photothermal therapy, and photocatalytic water
splitting. In addition to that, there is a discussion on the role played in electrocatalytic
OER. The DNA origami method is also discussed in relation to its potential use in the
precise positioning and controlled assembly of nanostructures for improved sensing
applications. It provides very long phosphate backbone for the adsorption of metal ions
resulting in increased surface area which provide stability, facile charge transfer. The
synthetic protocols and characterization methods that were utilized for the work
presented in this thesis are outlined and discussed in the second chapter of the thesis. In
this chapter, we describe the solution-based synthesis of several distinct gold
nanostructures including Au nanostars, Ag coated Au nanostars, and hybrid
nanostructures of Au combined with semiconductors. In addition to that, the synthesis of
DNA origami and the immobilization of nanoparticles on DNA origami are covered in

this chapter. The remaining four chapters focus on novel plasmonic nanostructure design
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and their applications in photocatalysis, signal enhancement through SERS, photothermal

therapy, photocatalytic water splitting, and electrocatalytic oxygen evolution reaction.
The most significant results of this work can be summed up as follows:

1. The bimetallic Au/Ag nanostars show superior photocatalytic activity due to
combination of the best features of both metals i.e., chemical stability of Au and
better plasmonic properties of Ag owing to its high extinction coefficient.
Epitaxial growth of Ag over previously synthesized Au nanostars yielded the
resulting Au/Ag nanostars. These were put to use in the plasmon mediated
dimerization reaction of PATP, serving as both a SERS substrate and a catalyst
propelled by plasmons. Employing the SERS monitoring, it has been found that
PATP rapidly converts into its dimerized product DMAB within few seconds by
photochemical reaction using Au/Ag core-shell nanostars. When compared with
pure metallic counterparts (i.e., only Au nanostars or only Ag nanostars), the
photocatalytic activity of the conversion reaction was found to be significantly
improved by bimetallic core-shell Au/Ag nanostars. Due to a higher electric field
at the tips of the bimetallic nanostructures according to FDTD simulations, Au/Ag
nanostars had better photocatalytic activity than pure Au nanostars. The
conversion reaction using bimetallic core-shell Au/Ag nanostars is affected by the
thickness of the Ag layer, and optimum thickness was found to be ~7 £ 1 nm.
Under basic pH, 9 pM concentration of Au/Ag nanostars was enough to dimerize
PATP into DMAB, which is low as compared to neutral and acidic pH.

2. A simple and effective seed-mediated surfactant free approach has been
developed for the synthesis of anisotropic core-shell nanostructures with SiO;
nanoparticle as a core and Au nanostar as a shell. Plasmonic nanoparticles, with
their distinctive localized surface plasmon resonance (LSPR), are being put to use
as SERS based detectors of pollutants and photothermal (PT) agents in cancer
therapy. Therefore, the SERS performance of as-synthesized anisotropic
SiO,@Au nanostars was analyzed by employing Rhodamine B (RhB) dye as a
Raman probe, and the results showed a robust enhancement factor of 1.37 x 10°.

Due to the biocompatible nature and NIR activity of prepared nanostars, these
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were employed for the photothermal Kkilling of breast cancer cells. The
photothermal effect of the SiO,@Au nanostars increased with increasing
concentration, and demonstrated a photothermal conversion efficiency of up to
72%.

It has been discovered how to efficiently and effectively create Au@ZnO hybrid
nanocomposites (NCs), which consist of a core Au nanostar surrounded by ZnO
nanopetals. In order to validate the photocatalytic potential of these
nanostructures, photocatalytic water splitting was carried out. Au@ZnO NCs
exhibited hydrogen and oxygen evolution up to 518.36 and 177.86 umol g},
respectively. This is because the strong electron scavenging activity of the Au
nanoparticles preventing the recombination of photogenerated charge carriers in
ZnO.

. The design of assembling core-shell Au@Ag nanostar structure on rectangular
DNA origami has been demonstrated. These assemblies were investigated for
electrocatalytic activities through OER which remained unexplored earlier.
Excellent OER activity and high stability were observed in the DNA origami
templated bimetallic nanostar catalyst, which also displayed a current density of
10 mAcm™? at a low overpotential of 266 mV without the use of any external
binder. Due to the highly conductive Ag layer, the electrocatalytic performance of
DNA origami templated Au@Ag nanostars was significantly higher than that of
pure core Au nhanostars immobilized on DNA origami. Being long phosphate
backbone, DNA origami helped in the facile transfer of hydroxide ions and
electron for oxygen evolution. In addition, the controlled assembly of bimetallic
nanostructures on the DNA origami template increased the density of active sites

and the electrochemical surface area, leading to improved electrocatalysis.

Thus, the morphology control over the plasmonic nanostructures and their integration

with other metals or semiconductors results in the development of new and advanced

catalysts which allow their use in various applications such as photocatalysis, sensing,

fuel generation, and water splitting.
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7.2. Scope for the future work

This thesis explains how to use different morphologies of plasmonic nanostructures

and their hybrid nanostructures in photocatalysis, sensing, and water splitting.

applications. When it comes to nanotechnology, there are a lot of different avenues that

still need to be investigated before we determine whether or not these findings have any

real-world applications.

1.

With the right knowledge of optical features, combining plasmonic nanoparticles
with other metals (like Cu and Al) can greatly aid in the creation of low-cost and
high-performance optical platforms. It is important to focus on modifying
fabrication and post-fabrication techniques to realize highly tunable and
economically viable nanostructures for specific purposes.

An important step toward clinical application is the development of multi -
functional plasmonic nanostructured materials for establishing a safe and effective
therapeutic approach.

The attractive optical features of plasmonic nanostructures are expected to lead to
further major discoveries, particularly in the designing of more specific visible-
light driven catalysts.

The assembly of metal nanostructures-DNA could also be considered for use in
other fields, such as sensors, SERS studies, and supercapacitors. The
electrocatalytic research can be performed more easily through the use of metal
nanostructures templated on DNA origami. DNA also behaves as an effective

stabilizer in this context and can be employed for future applications.

More research into plasmonics will improve the properties and characteristics of

nanostructured materials, making it easier to design application-focused plasmonic

nanostructures.
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Table 1: Sequences of staple strands

The colored sequences represent the sequences extended at the 3' end of staples 80, 81,
82, 83, 85, 86, 87, and 111 for immobilization of Ag coated Au nanostars on DNA

origami.

Name

Sequence (5" to 3)

ACGTTAGTAAATGAATTTTCTGTAAGCGGAGT

CGTAACGATCTAAAGTTTTGTCGTGAATTGCG

TGTAGCATTCCACAGACAGCCCTCATCTCCAA

TGAGTTTCGTCACCAGTACAAACTTAATTGTA

CAAGCCCAATAGGAACCCATGTACCGTAACAC

CTCAGAGCCACCACCCTCATTTTCCTATTATT

CCCTCAGAACCGCCACCCTCAGAACTGAGACT

O O N o Oof | W DN

TATCACCGTACTCAGGAGGTTTAGCGGGGTTT

[HEN
o

TATAAGTATAGCCCGGCCGTCGAG

[EEN
[EEN

GAGAATAGCTTTTGCGGGATCGTCGGGTAGCA

[EEN
N

AATAATAAGGTCGCTGAGGCTTGCAAAGACTT

[HEN
w

AAAAAAGGACAACCATCGCCCACGCGGGTAAA

[EEN
IS

TCGGTTTAGCTTGATACCGATAGTCCAACCTA

[EEN
a1

AATGCCCCGTAACAGTGCCCGTATGTGAATTT

[EEN
(op}

CTGAAACAGGTAATAAGTTTTAACCCCTCAGA

[EEN
\I

CCTCAAGAATACATGGCTTTTGATAGAACCAC

[EN
(0e]

AGGGTTGAATAAATCCTCATTAAATGATATTC

[EEN
(o]

CAGCGAAAAACTTTCAACAGTTTCTGGGATTTTGCTAAAC

N
o

AAAGGCCGAAAGGAACAACTAAAGCTTTCCAG

N
-

ATATATTCTTTTTTCACGTTGAAAATAGTTAG

N
N

CAATGACACTCCAAAAGGAGCCTTACAACGCC

N
w

CTTAAACATCAGCTTGCTTTCGAGAAACAGTT

N
S

TGCCTTGACTGCCTATTTCGGAACAGGGATAG

N
a1

AGTGTACTTGAAAGTATTAAGAGGCCGCCACC
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26

TAAGCGTCGAAGGATTAGGATTAGTACCGCCA

27

GGAAAGCGACCAGGCGGATAAGTGAATAGGTG

28

ACGGCTACTTACTTAGCCGGAACGCTGACCAA

29

TTTCATGAAAATTGTGTCGAAATCTGTACAGA

30 | ATACGTAAAAGTACAACGGAGATTTCATCAAG
31 | AAACGAAATGACCCCCAGCGATTATTCATTAC
32 | GAGCCGCCCCACCACCGGAACCGCCTAAAACA
33 | GCCACCACTCTTTTCATAATCAAACCGTCACC

34 | CACCAGAGTTCGGTCATAGCCCCCGCCAGCAA
35 | TGAGGCAGGCGTCAGACTGTAGCGTAGCAAGG
36 | ACAAACAAAATCAGTAGCGACAGATCGATAGC
37 | ACGGTCAAGACAGCATCGGAACGAACCCTCAG
38 | CGCCTGATGGAAGTTTCCATTAAACATAACCG
39 | GCGAAACATGCCACTACGAAGGCATGCGCCGA
40 | CTCATCTTGAGGCAAAAGAATACACTCCCTCA
41 | AACCAGAGACCCTCAGAACCGCCAGGGGTCAG
42 | GTTTGCCACCTCAGAGCCGCCACCGATACAGG
43 | TCGGCATTCCGCCGCCAGCATTGACGTTCCAG

44 | TGCCTTTAGTCAGACGATTGGCCTGCCAGAAT

45 | CTTTGAAAAGAACTGGCTCATTATTTAATAAA

46 | CCAGGCGCTTAATCATTGTGAATTACAGGTAG

47 | AGTAATCTTAAATTGGGCTTGAGAGAATACCA
48 | CCAAATCACTTGCCCTGACGAGAACGCCAAAA
49 | TTATTCATAGGGAAGGTAAATATTCATTCAGT

50

GACTTGAGAGACAAAAGGGCGACAAGTTACCA

51

AATCACCAAATAGAAAATTCATATATAACGGA

52

CCGGAAACACACCACGGAATAAGTAAGACTCC

53

AGCACCGTTAAAGGTGGCAACATAGTAGAAAA

54

GGACGTTGTCATAAGGGAACCGAAAGGCGCAG

55

CGATTTTAGAGGACAGATGAACGGCGCGACCT
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56

TTTCAACTATAGGCTGGCTGACCTTGTATCAT

S7

GAATAAGGACGTAACAAAGCTGCTGACGGAAA

58

ATTGAGGGTAAAGGTGAATTATCAATCACCGG

59

AGCGCCAACCATTTGGGAATTAGATTATTAGC

60

TCACAATCGTAGCACCATTACCATCGTTTTCA

61

ACGCAAAGGTCACCAATGAAACCAATCAAGTT

62

ACGAACTAGCGTCCAATACTGCGGAATGCTTT

63

AAAGATTCAGGGGGTAATAGTAAACCATAAAT

64

CATTCAACGCGAGAGGCTTTTGCATATTATAG

65

GGAATTACTCGTTTACCAGACGACAAAAGATT

66

AAAAGTAATATCTTACCGAAGCCCAACACTAT

67

GAAGGAAAATAAGAGCAAGAAACAACAGCCAT

68

ATACCCAAGATAACCCACAAGAATAAACGATT

69

TTATTACGGTCAGAGGGTAATTGAATAGCAGC

70

TACATACAGACGGGAGAATTAACTACAGGGAA

71

TAAATATTGGAAGAAAAATCTACGACCAGTCA

72

ACTGGATAACGGAACAACATTATTACCTTATG

73

TTTGCCAGATCAGTTGAGATTTAGTGGTTTAA

74

CCAAAATATAATGCAGATACATAAACACCAGA

75

CATAACCCGAGGCATAGTAAGAGCTTTTTAAG

76

GCAATAGCGCAGATAGCCGAACAATTCAACCG

77

GCCCAATACCGAGGAAACGCAATAGGTTTACC

78

ATCAGAGAAAGAACTGGCATGATTTTATTTTG

79

TGAACAAACAGTATGTTAGCAAACTAAAAGAA

80

AAACAGTTGATGGCTTAGAGCTTATTTAAATA

81

CAAAAATCATTGCTCCTTTTGATAAGTTTCAT

82

TCAGAAGCCTCCAACAGGTCAGGATCTGCGAACTAAGCTATCGA

83

AAGAGGAACGAGCTTCAAAGCGAAGATACATTCTAAGCTATCGA

84

CCTAATTTACGCTAACGAGCGTCTATATCGCG

85

ATTATTTAACCCAGCTACAATTTTCAAGAACGCTAAGCTATCGA
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86

TTTTGTTTAAGCCTTAAATCAAGAATCGAGAACTAAGCTATCGA

87

CTTTACAGTTAGCGAACCTCCCGACGTAGGAA

88

GCGCATTAGCTTATCCGGTATTCTAAATCAGA

89

ATATAATGCATTGAATCCCCCTCAAATCGTCA

90

TTTTTGCGCAGAAAACGAGAATGAATGTTTAG

91

TACCTTTAAGGTCTTTACCCTGACAAAGAAGT

92

GAAGCAAAAAAGCGGATTGCATCAGATAAAAA

93

TTTTAATTGCCCGAAAGACTTCAATTCCAGAG

94

TCTTACCAGCCAGTTACAAAATAAATGAAATA

95

TATTTTGCTCCCAATCCAAATAAGTGAGTTAA

96

AGGTTTTGAACGTCAAAAATGAAAGCGCTAAT

97

GAGGCGTTAGAGAATAACATAAAAGAACACCC

98

TGCAACTAAGCAATAAAGCCTCAGTTATGACC

99

TCCATATACATACAGGCAAGGCAACTTTATTT

100

CGAGTAGAACTAATAGTAGTAGCAAACCCTCA

101

TCGCAAATGGGGCGCGAGCTGAAATAATGTGT

102

ATCGGCTGCGAGCATGTAGAAACCAGCTATAT

103

GGTATTAAGAACAAGAAAAATAATTAAAGCCA

104

CAAGCAAGACGCGCCTGTTTATCAAGAATCGC

105

TCATTACCCGACAATAAACAACATATTTAGGC

106

TATAGAAGCGACAAAAGGTAAAGTAGAGAATA

107

GCTAAATCCTGTAGCTCAACATGTATTGCTGA

108

CAAAATTAAAGTACGGTGTCTGGAAGAGGTCA

109

CAATAAATACAGTTGATTCCCAATTTAGAGAG

110

TCAATTCTTTTAGTTTGACCATTACCAGACCG

111

TTTCATTTGGTCAATAACCTGTTTAATCAATACTAAGCTATCGA

112

CTAATTTATCTTTCCTTATCATTCATCCTGAA

113

TAAGTCCTACCAAGTACCGCACTCTTAGTTGC

114

AATGCAGACCGTTTTTATTTTCATCTTGCGGG

115

CCAGACGAGCGCCCAATAGCAAGCAAGAACGC
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116

CTGTAATATTGCCTGAGAGTCTGGAAAACTAG

117

CAACGCAATTTTTGAGAGATCTACTGATAATC

118

TATATTTTAGCTGATAAATTAATGTTGTATAA

119

AGGTAAAGAAATCACCATCAATATAATATTTT

120

GCGTTATAGAAAAAGCCTGTTTAGAAGGCCGG

121

ACGCTCAAAATAAGAATAAACACCGTGAATTT

122

CATATTTAGAAATACCGACCGTGTTACCTTTT

123

AGAGGCATAATTTCATCTTCTGACTATAACTA

124

TAAAGTACCGCGAGAAAACTTTTTATCGCAAG

125

AGAGAATCGGTTGTACCAAAAACAAGCATAAA

126

TCAGGTCACTTTTGCGGGAGAAGCAGAATTAG

127

GGTAGCTAGGATAAAAATTTTTAGTTAACATC

128

ACCGTTCTAAATGCAATGCCTGAGAGGTGGCA

129

AGACAGTCATTCAAAAGGGTGAGATATCATAT

130

AATTACTACAAATTCTTACCAGTAATCCCATC

131

AGGCGTTACAGTAGGGCTTAATTGACAATAGA

132

AATGGTTTACAACGCCAACATGTAGTTCAGCT

133

TTTTAGTTTTTCGAGCCAGTAATAAATTCTGT

134

CATGTCAAGATTCTCCGTGGGAACCGTTGGTG

135

AGAAAAGCAACATTAAATGTGAGCATCTGCCA

136

GCAAATATCGCGTCTGGCCTTCCTGGCCTCAG

137

GTTAAAATTTTAACCAATAGGAACCCGGCACC

138

TTAAGACGTTGAAAACATAGCGATTTAAATCA

139

ATCAAAATCGTCGCTATTAATTAACGGATTCG

140

TAACCTCCATATGTGAGTGAATAAACAAAATC

141

TATGTAAACCTTTTTTAATGGAAAAATTACCT

142

ACAAAGAAATTAATTACATTTAACACATCAAG

143

GATTGACCGATGAACGGTAATCGTAGCAAACA

144

ACCCGTCGTCATATGTACCCCGGTAAAGGCTA

145

CTTTCATCCCCAAAAACAGGAAGACCGGAGAG
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146

AAATAATTTTAAATTGTAAACGTTGATATTCA

147

GCTCATTTTCGCATTAAATTTTTGAGCTTAGA

148

TAGAATCCCTGAGAAGAGTCAATAGGAATCAT

149

CTGTAAATCATAGGTCTGAGAGACGATAAATA

150

AAATCAATGGCTTAGGTTGGGTTACTAAATTT

151

TTGAATTATGCTGATGCAAATCCACAAATATA

152

TAGATGGGGGGTAACGCCAGGGTTGTGCCAAG

153

GTTTGAGGGAAAGGGGGATGTGCTAGAGGATC

154

GAAGATCGGTGCGGGCCTCTTCGCAATCATGG

155

GCTTCTGGTCAGGCTGCGCAACTGTGTTATCC

156

CTTTTACACAGATGAATATACAGTAAGCGCCA

157

CCTGATTGAAAGAAATTGCGTAGACCCGAACG

158

GCGCAGAGATATCAAAATTATTTGACATTATC

159

GAGCAAAAACTTCTGAATAATGGAAGAAGGAG

160

AAAACAAATTCATCAATATAATCCTATCAGAT

161

CACGACGTGTAATGGGATAGGTCAAAACGGCG

162

ATTAAGTTCGCATCGTAACCGTGCGAGTAACA

163

CAGCTGGCGGACGACGACAGTATCGTAGCCAG

164

GGCGATCGCACTCCAGCCAGCTTTGCCATCAA

165

TTCGCCATTGCCGGAAACCAGGCAAACAGTAC

166

TTTAACGTTCGGGAGAAACAATAATTTTCCCT

167

ACAGAAATCTTTGAATACCAAGTTCCTTGCTT

168

AACCTACCGCGAATTATTCATTTCCAGTACAT

169

TGGATTATGAAGATGATGAAACAAAATTTCAT

170

CTTGCATGCATTAATGAATCGGCCCGCCAGGG

171

CCCGGGTACTTTCCAGTCGGGAAACGGGCAAC

172

TCATAGCTACTCACATTAATTGCGCCCTGAGA

173

GCTCACAATGTAAAGCCTGGGGTGGGTTTGCC
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174 | CGACAACTAAGTATTAGACTTTACAGCCGGAA

175 | TTATTAATGCCGTCAATAGATAATCAGAGGTG

176 | ATTTTGCGTCTTTAGGAGCACTAAGCAACAGT

177 | CGGAATTATTGAAAGGAATTGAGGTGAAAAAT

178 | GATGGCAAAATCAATATCTGGTCACAAATATC

179 | GGGAGAGGTGTAAAACGACGGCCATTCCCAGT

180 | GCCAGCTGCCTGCAGGTCGACTCTGCAAGGCG

181 | ACTGCCCGCCGAGCTCGAATTCGTTATTACGC

182 | GTGAGCTAGTTTCCTGTGTGAAATTTGGGAAG

183 | GCATAAAGTTCCACACAACATACGAAACAATT

184 | GGATTTAGCGTATTAAATCCTTTGTTTTCAGG

185 | AGATTAGATTTAAAAGTTTGAGTACACGTAAA

186 | CTAAAATAGAACAAAGAAACCACCAGGGTTAG

187 | ATCAACAGTCATCATATTCCTGATTGATTGTT

188 | TGGTTTTTAACGTCAAAGGGCGAAGAACCATC

189 | AGCTGATTACAAGAGTCCACTATTGAGGTGCC

190 | GAGTTGCACGAGATAGGGTTGAGTAAGGGAGC

191 | CCAGCAGGGGCAAAATCCCTTATAAAGCCGGC

192 | ACGAACCAAAACATCGCCATTAAATGGTGGTT

193 | AGGCGGTCATTAGTCTTTAATGCGCAATATTA

194 | GCCACGCTATACGTGGCACAGACAACGCTCAT

195 | CTAAAGCAAGATAGAACCCTTCTGAATCGTCT

196 | AAACCCTCACCAGTAATAAAAGGGATTCACCAGTCACACG

197 | TATCAGGGCGGTTTGCGTATTGGGAACGCGCG

198 | TGGACTCCCTTTTCACCAGTGAGACCTGTCGT

199 | AGTTTGGAGCCCTTCACCGCCTGGTTGCGCTC

200 | GAATAGCCGCAAGCGGTCCACGCTCCTAATGA

209



Appendix A

201

CCGAAATCCGAAAATCCTGTTTGAAATACCGA

202

TAGCCCTACCAGCAGAAGATAAAAACATTTGA

203

GAATGGCTAGTATTAACACCGCCTCAACTAAT

204

GCGTAAGAGAGAGCCAGCAGCAAAAAGGTTAT

205

GCCAACAGTCACCTTGCTGAACCTGTTGGCAA

206

CGATGGCCCACTACGTAAACCGTC

207

ACCCAAATCAAGTTTTTTGGGGTCAAAGAACG

208

GTAAAGCACTAAATCGGAACCCTAGTTGTTCC

209

CCCCGATTTAGAGCTTGACGGGGAAATCAAAA

210

GAACGTGGCGAGAAAGGAAGGGAACAAACTAT

211

CGGCCTTGCTGGTAATATCCAGAACGAACTGA

212

CCGCCAGCCATTGCAACAGGAAAAATATTTTT

213

GGAAATACCTACATTTTGACGCTCACCTGAAA

214

GAAATGGATTATTTACATTGGCAGACATTCTG

Table 2: Sequences of edge staple strands (edge A) for DNA origami

Name Sequence (5" to 3)

Edge 19 CAGCGAAATTTTTTTTAACTTTCAACAGTTTCTGGGATTTTGC
TAAACTTTTT

Edge 37 ACGGTCAATTTTTTTTTTGACAGCATCGGAACGAACCCTCAG

Edge 54 GGACGTTGTTTTTTTTTTTCATAAGGGAACCGAAAGGCGCAG

Edge71 TAAATATTTTTTTTGGAAGAAAAATCTACGACCAGTCA

Edge 89 ATATAATGTTTTTTTTCATTGAATCCCCCTCAAATCGTCA

Edge 107 | GCTAAATCTTTTTTTTTTTTCTGTAGCTCAACATGTATTGCTGA

Edge 125 | AGAGAATCTTTTTTGGTTGTACCAAAAACAAGCATAAA

Edge 143 | GATTGACCTTTTTTTTTTGATGAACGGTAATCGTAGCAAACA

Edge 161 | CACGACGTTTTTTTTTTTGTAATGGGATAGGTCAAAACGGCG
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Edge 179 | GGGAGAGGTTTTTTTTTTTGTAAAACGACGGCCATTCCCAGT

Edge 197 | TATCAGGGTTTTTTCGGTTTGCGTATTGGGAACGCGCG

Edge 206 | TTTTTTTCGATGGCCCACTACGTAAACCGTC

Table 3: Sequences of edge staple strands (edge B) for DNA origami

Name Sequence (5" to 3)

Edge 10 | TTTTTTTTTTATAAGTATAGCCCGGCCGTCGAG

Edge 18 | AGGGTTGATTTTTTATAAATCCTCATTAAATGATATTC

Edge 36 | ACAAACAATTTTTTTTTTAATCAGTAGCGACAGATCGATAGC
Edge53 AGCACCGTTTTTTTTTTAAAGGTGGCAACATAGTAGAAAA
Edge70 TACATACATTTTTTTTTTGACGGGAGAATTAACTACAGGGAA
Edge88 GCGCATTATTTTTTTTTTGCTTATCCGGTATTCTAAATCAGA
Edgel06 | TATAGAAGTTTTTTTTTTCGACAAAAGGTAAAGTAGAGAATA

Edgel24 | TAAAGTACTTTTTTCGCGAGAAAACTTTTTATCGCAAG
Edgeld2 | ACAAAGAATTTTTTTTATTAATTACATTTAACACATCAAG

Edgel60 | AAAACAAATTTTTTTTTTTTCATCAATATAATCCTATCAGAT

Edgel78 | GATGGCAATTTTTTTTTTTTAATCAATATCTGGTCACAAATATC

Edgel96 | AAACCCTCTTTTTTTTTTACCAGTAATAAAAGGGATTCACCA
GTCACACGTTTTT

Table 4: Sequence for thiol labeled DNA
Name Sequence (5" to 3)
Thiol labeled DNA | 5Thiol-CGTCGTATTCGATAGCTTAG
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