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Abstract

Globally, more than 90% of chemicals are produced by some catalytic process.
Catalysts are used to reduce the activation energy barrier of reactions and enhance
reaction rates. Despite their widespread use, the chemical sector is the largest indus-
trial consumer of oil and gas. Therefore, we need more selective and efficient catalysts
to reduce the sector’s fossil fuel consumption and greenhouse gas emissions, with the
aim of limiting global warming to 1.5°C. Plasmonic photocatalysis has emerged as a
technology which utilizes efficient light harvesting abilities of plasmonic materials for
more selective and enhanced catalysis. Furthermore, this technology can decrease the
required energy input for high volume reactions and unlocks the potential for sunlight
driven reactions. Gold nanoscale cavities in a nanocube on mirror (NCoM) configu-
ration have shown to be a promising platform for plasmon driven chemistry. While
gold has great plasmonic properties, it is not a surface active catalyst. To enhance the
catalytic capabilities of the NCoM we include palladium, a more catalytically active
material. Palladium is a renowned catalyst which is currently used in many industrial
chemical reactions, but does not have plasmonic properties in the visible region. We
exploit the synergy of gold@palladium (Au@Pd) core@shell nanostructures by fabri-
cating a Au@Pd core@shell NCoM. We propose this construct as a platform for both
plasmon enhanced catalysis and to discern the governing process of a chemical reac-
tion. Guided by simulations of Au@Pd core@shell NCoMs, we optimize the trade-off
between plasmon damping and enhanced catalysis by growing a thin Pd shell (= 2 nm)
on Au nanocubes. The precise tuneability of the NCoM is exhibited through further
simulations. We fabricate AuQPd NCoMs with a quality factor of 13.8 and show that
this is a promising framework for inducing and tracking plasmon driven catalysis.
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Chapter 1

Introduction

The term catalysis broadly de nes a process where the rate and/or products of a
reaction are changed due to the presence of a substance, which is called the catalyst
[1]. Globally, more than 90% of chemicals are produced by some catalytic process,
with catalysis contributing to about 30% of the world's total gross domestic product,
making it one of the largest global industries [2]. Although using a catalyst reduces
the activation energy barrier required to go from reactants to products, it does not
remove it [3]. In conventional catalytic reactions, high temperatures and pressures are
required to overcome this barrier. Typically, this energy is sourced from fossil fuels,
making the chemical sector the largest consumer of oil and gas compared with any
other industry. However, it is listed as third in terms of emissions due to half of the
fossil fuels consumed are used as feedstock for products [4]. Products like plastics store
the carbon until the end of the product's life, resulting in an underestimation of the
sector's carbon emissions.

The IPCC Report 2022 reiterated the goals of the Paris Climate Agreement, that
global warming must be limited to an average o1:5 C compared with pre-industrial
times to avoid the catastrophic impacts further warming will cause [5]. To achieve this
goal 'net-zero' emissions must be obtained by 2050, which means that the anthropogenic
emission of greenhouse gases must be balanced by anthropogenic removal of the gases
[6]. Currently, e cient carbon capture and storage techniques are limited; therefore, a
huge e ort must be placed in reducing emissions as much as possible across all sectors.

One strategy to lower the emissions of the chemical industry is to use catalysts
that are more e cient and selective. Doing so results in reactions occurring faster
and requiring a lower energy input, accompanied by fewer harmful by-products. The
second strategy is to use electricity generated from renewable energy sources to drive
reactions. Plasmonic photocatalysis harnesses both ideas into one platform, allowing
for e cient, selective chemistry at ambient conditions. In this framework, visible light
is used as the energy source to overcome the activation energy barrier. This energy can
be generated from renewably produced electricity and furthermore allows for the possi-
bility of driving chemistry using our most abundant energy source, the sun. This eld
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has huge potential for sustainable chemistry, however there are gaps in the fundamen-
tal knowledge required to optimize reactions due to the short timescale of plasmonic
processes.

Herein, a platform is proposed to be used for both the enhancement of plasmonic
catalysis and to discern the governing process of a chemical reaction. Included in
this work are simulations of gold-palladium (Au@Pd) core-shell nanocube on mirror
(NCoM) systems, used to understand the trade-o between plasmon damping and
a catalytic surface. Furthermore, they provide information on the precise tuneabil-
ity of the NCoM. The procedure for a thin palladium (Pd) shell overgrowth on gold
(Au) nanocubes is exhibited and characterised, followed by Au and Au@Pd core@shell
nanocavity fabrication and characterisation. Finally, the processes of inducing and
analysing a plasmon driven reaction in the NCoM construct are shown and discussed.



Chapter 2

Theory and Design

2.1 Plasmonic Photocatalysis

2.1.1 Localized Surface Plasmon Resonance

Plasmonic metal nanoparticles are nanoscale (on the order 1® °m) materials that

can e ciently absorb and scatter incident light [7]. Light incident on a nanoparticle

is considered resonant when it induces the largest optical response possible from the
nanoparticle. In other words, resonance is achieved when the wavelength of the incident
light matches the frequency of electron oscillations in the nanoparticle. When resonant
light is directed on the particle a strong interaction arises between the conduction
band electrons and the electromagnetic eld (the light) [8]. A collective oscillation of
conduction band electrons is generated, oscillating in resonance with the light, and
remains localised to the surface of the metal as shown in Figure 2.1 [9]. The restoring
force due to the displacement of the electrons gives rise to a resonance which is speci c
to the material and geometry [10]. This phenomenon is known as a localised surface
plasmon resonance (LSPR).

Figure 2.1: Schematic of LSPR [11]

To understand the conditions for a LSPR the material's optical proprieties must
be considered. The optical properties of metals are described by a complex dielectric
function given by (! )= (! )+ ('), which depends on the frequency of incoming
light [12].
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The dielectric function conditions for a plasmon resonance to occur are [13];

1(M) (1) <0 (2.1)

1(f)+ 2(t)<0 (2.2)

It should be noted to derive these conditions it is assumed that the imaginary part of
the dielectric function for both the metal nanoparticle and the surrounding medium
are assumed to be small and are consequently neglected. The conditions obtained in
equations 2.1 and 2.2 incur that the dielectric function of the material must be negative
and have a larger absolute value than the surrounding medium. Coinage metals like
gold, silver and copper have a large negative real part of the dielectric function with a
small imaginary part [13]. Accordingly, these metals are good materials to host plasmon
resonances, however the exploration of non-coinage plasmonic materials is increasing
[14 16].

2.1.2 Plasmonic Photocatalysis

Plasmon driven chemistry has emerged as an exciting eld to combine the e cient light
harvesting of plasmonic materials with their ability to distribute energy and charge to

an adjacent or adsorbed molecule [17]. The idea is that reactions can be induced
and/or catalysed on the surface of a metal nanoparticle using visible light induced
plasmon resonances [9]. Unlike conventional catalysis, plasmon enhanced chemistry,
i.e. plasmonic photocatalysis, can be carried out at ambient conditions [18]. Therefore,
using light to drive chemistry in industry could have a huge impact on the quantity

of greenhouse gases emitted, since high temperatures and pressures are not required.
Furthermore, it allows for the possibility to utilize our most abundant energy source,
the sun, to drive industrial chemical reactions. Plasmonic photocatalysis also provides
a platform for carrying out reactions with higher product selectivity and enhanced
reaction rates [18]. The mechanisms allowing for these improvements will be discussed
in the following sections.

2.1.3 Plasmon Decay Pathways

To realize the full potential of plasmonic photocatalysis and bring the technology to
the chemical industry it is critical to discern the fundamental process governing the
reaction in question. This, in turn, allows for e cient exploitation of systems to pro-
duce the desired products and avoid unwanted by-products. Recognizing key steps in a
reaction procedure also allows for the energy input to be minimized by inputting only
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Figure 2.2: Schematic of decay pathways of localized surface plasmon
resonance, obtained from [21], adapted from [22] and [23]

the requirement to induce desired process. Despite that plasmon enhanced catalysis
has been successfully exhibited by multiple groups [19, 20], the mechanism driving the
reaction is often debated. The decay pathways of surface plasmons have unique and
interesting properties and typically more than one of these will play a role in a reaction
process, making it di cult to pinpoint the driving mechanism. Plasmon decay path-
ways include enhanced near elds, hot carrier generation, and photothermal heating.

Enhanced Near Fields

Due to the fundamental laws of di raction, dielectric lenses cannot focus light into
regions less than about half the wavelength of incident light ( =2) [24]. However,
plasmonic nanoparticles can concentrate incident radiation into sub-wavelength dimen-
sions, overcoming the di raction limit [8]. This is explained by using the quasi-static
approximation to describe the interaction of a spherical nanoparticle of size with
an external electromagnetic eld. This approximation only holds when the size of the
particle a is much smaller than the wavelength of lightta << ), which is true for
nanoparticles with dimensions less than 100 nm. Since the phase of the eld oscillat-
ing over the nanoparticle is much larger than the particle itself, the particle can be
approximated to be in a homogeneous, static eld [13]. Assuming that polarization of
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the material due to the eld is small, sOoE = Ej, the local dipole moment is given by;
P = 0 eEin (2.3)

Where ¢ is the free space permittivity and . is the electric susceptibility a material
property given by (!) 1, where ,(!) is the relative permittivity. Using the quasi-
static and polarizability assumptions the total dipole moment is given by [25],

Z
p= v o eEindV = oV(.(!') 1Eip (2.4)

Where V is the particle volume. To understand the eld generated as a result of the
polarization, Poisson's equationE = r =0 is applied. Under the assumptions that
(1) there is no excess charge on the surface of the particle (2) the potential across the
sphere boundary is continuous and (3) there is a jump in the slope, the potential inside
and outside the particle can be derived to give [25];

For (a<r) |
3 m
in = ———— Ercos 2.5
in +2 - (2.5)
For (a>r)
out = Ercos + &Srz (2.6)
m

Where a is the sphere radius andr is the distance from the centre of the sphere,
m IS the relative permittivity of the surrounding medium and (! ) is the relative
permittivity of the nanoparticle. Equations 2.5 and 2.6 imply that the induced eld
inside the particle (2.5) is homogeneous, while the eld outside the sphere (2.6) is
comprised of the incident eld with the addition of the eld induced by the dipole.
Sincelim,;  ou(r) = Ercos , the enhanced eld due to the dipole exists near the
surface of the nanoparticle.

Furthermore, plasmonic materials can harvest light over a larger volume than their
physical size. The dipole moment of the nanosphere is proportional to the electric eld,
p= E , with constant term described as the polarizability [25]. Since the dipole is
in a static eld, the quasi-static polarizability constant of a small sphere of volumé&/
can be approximated as [13];

() m

:30mV7r(!)+2m (2.7)
WhereV = 3r 3. The dipole moment of the nanosphere is now described by;
! |
'p=4 oRgir(') = mEo (2.8)

((1)+2 m
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Figure 2.3: Extinction e ciency for various nanoparticle shapes of
silver nanocubes [26]

To maximize polarizability, and thus obtain resonant enhancement, the denominator
j (*)+2 ] should be minimized. Subbing this condition (! o) = 2 ) into the
equation 2.7, the resulting polarizability of the sphere exceeds its volume by about
a factor of 9. Experimentally, the extent of polarizability or the magnitude of the
dipole moment induced is measured through the extinction cross section, which de-
scribes the relationship between the power removed from the beam and the incident
intensity, in units of area. Plasmonic nanoparticle's large extinction cross section is
due to the strong interactions between the conduction band electrons and the incom-
ing light which induces a the strong polarizability, which is maximized at the resonant
frequency. Although the above equations are modelled on a spherical nanoparticle,
a large extinction cross section can be obtained for an array of nanoparticle geome-
tries which is shown in Figure 2.3, where extinction e ciency is a term described by
Qext = m A particle with an extinction e ciency of 8, such as the sphere in
Figure 2.3, casts a shadow 8 times larger than its physical size.

According to equation 2.6 the induced electric eld due to the dipole remains on the
surface of the particle and thus the light is concentrated into very small volumes. This,
combined with their large extinction cross section supports drastic electromagnetic eld
enhancements on the surface of the particle (g 2.4).

When the energy of the incident radiation is resonant and matches the electronic
transition of the adsorbed molecule, or a molecule in the near vicinity of the nanopar-
ticle, the excitation probability of the molecule is increased due to the enhanced eld
[28]. That is to say, the extinction spectrum of the nanoparticle must overlap with that
of the adsorbed molecule to observe a near eld driven reaction as shown in Figure 2.2
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