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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 Au@Pd 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 defines 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 of 1.5◦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, efficient carbon capture and storage techniques are limited; therefore, a
huge effort 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 efficient 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 efficient, 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 field
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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-off 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.
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Chapter 2

Theory and Design

2.1 Plasmonic Photocatalysis

2.1.1 Localized Surface Plasmon Resonance

Plasmonic metal nanoparticles are nanoscale (on the order of 10−9m) materials that
can efficiently 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 field (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 specific
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 ϵ(ω) = ϵ1(ω) + ϵ2(ω), 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];

ϵ1(ω)ϵ2(ω) < 0 (2.1)

ϵ1(ω) + ϵ2(ω) < 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 field to combine the efficient 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 efficient 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 difficult to pinpoint the driving mechanism. Plasmon decay path-
ways include enhanced near fields, hot carrier generation, and photothermal heating.

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

P = ϵ0χeEin (2.3)

Where ϵ0 is the free space permittivity and χe is the electric susceptibility a material
property given by ϵr(ω) − 1, where ϵr(ω) is the relative permittivity. Using the quasi-
static and polarizability assumptions the total dipole moment is given by [25],

p =
∫

V
ϵ0χeEindV = ϵ0V (ϵr(ω) − 1)Ein (2.4)

Where V is the particle volume. To understand the field generated as a result of the
polarization, Poisson’s equation, E = ∇Φ = 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)

Φin = −
(

3ϵm

ϵr(ω) + 2ϵm

)
Ercosθ (2.5)

For (a>r)
Φout = − − Ercosθ + pcosθ

4πϵmr2 (2.6)

Where a is the sphere radius and r is the distance from the centre of the sphere,
ϵm is the relative permittivity of the surrounding medium and ϵr(ω) is the relative
permittivity of the nanoparticle. Equations 2.5 and 2.6 imply that the induced field
inside the particle (2.5) is homogeneous, while the field outside the sphere (2.6) is
comprised of the incident field with the addition of the field induced by the dipole.
Since limr→∞ Φout(r) = −Ercosθ, the enhanced field 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 field,
p = αE, with constant term α described as the polarizability [25]. Since the dipole is
in a static field, the quasi-static polarizability constant of a small sphere of volume V

can be approximated as [13];

α = 3ϵ0ϵmV
ϵr(ω) − ϵm

ϵr(ω) + 2ϵm

(2.7)

Where V = 4
3πr3. The dipole moment of the nanosphere is now described by;

−→p = 4πϵ0R
3 ϵr(ω) − ϵm

ϵr(ω) + 2ϵm

ϵm
−→
E 0 (2.8)



Chapter 2. Theory and Design 7

Figure 2.3: Extinction efficiency for various nanoparticle shapes of
silver nanocubes [26]

To maximize polarizability, and thus obtain resonant enhancement, the denominator
|ϵ(ω) + 2ϵm| should be minimized. Subbing this condition (ϵ(ω0) = −2ϵm) 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 efficiency is a term described by
Qext = σextinction

σgeometric
. A particle with an extinction efficiency 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 field 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 field
enhancements on the surface of the particle (fig 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 field
[28]. That is to say, the extinction spectrum of the nanoparticle must overlap with that
of the adsorbed molecule to observe a near field driven reaction as shown in Figure 2.2
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Figure 2.4: Enhanced near field simulations of various shapes of silver
nanoparticles [27]

a. This process happens on the time scale of 1-100 fs [21].

Hot Carrier Generation
Plasmonic nanoparticles convert light energy into excited carriers which can then be
transferred non-radiatively to an adsorbate molecule. There are two types of these
excited carriers. The first are high energy, or ’hot’ electrons and holes, which have
energies larger energy than thermal excitation at ambient temperature and can induce
charge driven enhanced catalysis [29]. Hot electrons have an energy of +hν and hot
holes have an energy of −hν with respect to the Fermi level of the metal [30]. For
ease of discussion, only hot electrons will be considered in further sections. The damp-
ing of hot electrons is a quantum mechanical process which happens at the surface
of nanoparticles, namely Landau damping, on a timescale of 1-100 fs [29]. After a
resonant beam is directed on a particle, a plasmon quantum from the hot electron can
be transferred to create an excited carrier, an electron-hole pair [7]. Through these
interactions, the hot electrons go from a non-thermal distribution and thermalize to
a Fermi-Dirac distribution [31]. The lower energy electrons that gain energy can be
termed ’warm’ and are the electrons taking part in catalysis. The second excited car-
riers are frictional carriers with excitation energies near the Fermi level and can be
described by the Drude model [32]. These are lower in energy and are responsible for
the LSPR.

There are two mechanisms in which warm electrons can induce charge driven catal-
ysis, namely indirect and direct, shown in Figure 2.5. In the indirect mechanism the
warm electrons leave the metal and enter the lowest unoccupied molecular orbital
(LUMO) of the adsorbed molecule if they gain the required energy for the transition
as shown in Figure 2.5 a [29]. This can induce a charged state in the adsorbate [31].
The charged state has a new potential energy surface which determines the chemical
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Figure 2.5: Schematic of (a) indirect and (b) direct charge transfer
mechanism [33]

reaction, thus the molecules on the surface can undergo a chemical reaction with an
altered chemical pathway. The efficiency of the indirect charge transfer mechanism
follows the equation [34];

eff(ω) = ratee(h)(ω)
(σNCI0/h̄ω) = γtun

δne(h)(ϵmol, ω)
nDOS(ϵmol, ω) (2.9)

Where δne(h) is the average number of excited electrons with the LUMO energy ϵmol,
γtun is the tunneling rate, σNC absorption cross section of the metal nanoparticle, and
nDOS(ϵmol) density of states of the metal nanoparticle at ϵmol. Since the equation
depends on the number of carriers with sufficient energy to enter the LUMO of the
adsorbate, it is expected that an increase in photon energy (lower wavelengths) inci-
dent on the particle should increase the indirect charge transfer efficiency due to the
generation of more electrons with adequate energy.

In the direct regime, plasmon dephasing promotes charge transfer directly from the
metal to the LUMO of an adsorbed molecule. This is possible due to the formation
of a molecule-metal complex shown in Figure 2.5 b. Consider a system comprised of
a molecule adsorbed to a metal nanoparticle with hybridized orbitals. The electron-
accepting states of this hybridization are centred on the molecule, while the donating
hybridized states are cantered on the metal. Direct electron transfer is possible in
this system as the hot electrons go directly from the donating state of the metal to
the acceptor states of the molecule [35]. The hot electron then thermalizes through
electron-electron scattering in the adsorbed molecule and either distributes its energy
to electrons in the adsorbate or creates a charged state, which like in the indirect
regime, can induce a reaction. However, in this regime it is expected that increasing
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photon energy may not lead to direct enhancements in electron transfer efficiency, since
this mechanism depends on the complex formed between the molecule and metal. It
is the enhanced field that drives the electron transfer between the metal and molecule.
However, contrary to near field driven reactions, hybridized metal-molecule states are
a prerequisite.

Photothermal Heating
The final mechanism is photothermal heating. The electrons further thermalize through
electron-phonon interactions on a timescale of 100 ps-10 ns. The lattice temperature
increases followed by heat dissipation into the environment [29]. For both near field
enhanced and hot-carrier assisted plasmonic photocatalysis, the rate of a chemcial
transformation is proportional to the rate of incident photons under moderate power
continuous wave (CW) illumination [36]. However, in photothermal driven reactions,
a linear dependence of power is not expected. A photothermal driven reaction can be
described using the Arrhenius equation;

K = Aexp(−Ea/RT ) (2.10)

Where K is the reaction rate, A is a pre-exponential constant, Ea is the activation
energy, R is the universal gas constant and T is the temperature. Due to the approx-
imation that the temperature increase of a nanoparticle due to the absorption of a
photon is proportional to the power of the laser on the sample and the extinction cross
section, the reaction rate should follow an exponential trend [36]. However, to deduce
a reaction mechanism by simply changing the laser power is not always trivial. To do
so, a large range of laser powers must be used. This can be problematic because at
high powers other effects can play a role such as changes in catalyst surface coverage
and convection effects.

2.2 Nanocube on Mirror Configuration

2.2.1 Plasmon Resonance Lineshape

The lineshape of a plasmon resonance describes the width, intensity, and resonant en-
ergy of the extinction spectrum shown in Figure 2.6. The ability to tune the plasmon
resonance of a metal nanoparticle is beneficial as it provides a pathway to regulate
both the electronic and optical properties of the particle. However, through the size
and shape dispersity of colloidal solutions of nanoparticles, inhomogeneous broadening
of the plasmon resonance lineshape occurs. Particles of different sizes have slightly
different optical properties and thus have varying spectral shapes. One method to
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Figure 2.6: Plasmon resonance lineshape [13]

overcome inhomogeneous broadening is to conduct studies on a single particle level,
thus avoiding ensemble averaging and obtaining a homogeneous lineshape which char-
acteristic of the specific nanoparticle.

Owing to losses brought about by the damping constant of the plasmon decay, plas-
monic systems are non conservative [13]. To understand the effect of plasmon damping
on the resonant lineshape, the transfer of the energy quanta from the hot electron the
lower energy electrons can be described using the undriven harmonic oscillator model.
The transfer of the energy quanta, the plasmon decay, can be considered as the ra-
diation that is emitted by an undriven harmonic oscillator. The undriven harmonic
oscillator’s dipole moment is restored when it loses its energy to the radiation field,
comparable to the hot electrons thermalizing. Using the undriven oscillator model the
following energy-frequency relation can be derived [13];

dW

dΩdω
= 1

4πϵ0

|µ|2sin2(θ)ω2
0

4π2c3γ2
0

[
γ2

0/4
(ω − ω0)2 + γ2

0/4

]
(2.11)

Where dW

dΩdω
is the total energy per unit angle per unit frequency and dΩ = sinθdθdϕ.

µ is the collective dipole moment, ω0 is the resonance frequency and ω is the incoming
frequency. γ0 is the damping term, where γ0 = 1

τ0
and τ0 is the lifetime of the oscillator.

Note that for this approximation to hold γ0 << ω0 must hold true. The final term in the
square brackets of equation 2.11 determines the shape of the function, which follows
a Lorentzian lineshape function [13]. The relationship between decay rate and the
linewidth follows Heisenberg’s uncertainty principle, ∆E∆t ≈ h̄, where the linewidth
defines the energy uncertainty ∆E = h̄∆ω and the measurement time of the excitation
is related to the decay time and thus the damping, ∆t ≈ 1

γ0
. Now;

∆E∆t = h̄ω
1
γ0

≈ h̄ (2.12)
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Figure 2.7: Simulation of nanocube on mirror with intense electric
field enhancement in the gap [38]

Therefore,
∆ω ≈ γ0 (2.13)

Where ∆ω is the full width of the Lorentzian function at half the maximum (FWHM) of
the curve. Accordingly, changes in the linewidth of the resonance provide information
about the plasmon decay.

2.2.2 Plasmonic Nanoscale Cavity

Plasmonic nanoscale cavities are an ideal platform for studying single particle level
systems due to the unprecedented light confinement and enhanced field in the cavity
(Fig 2.7). On account of the confinement, a relatively high measurement signal can
be acquired for a single particle system. The nanocube on mirror (NCoM) configu-
ration is a plasmonic nanoscale cavity framework. The system is made up of three
constituents, a mirror covered by a thin dielectric spacer and a nanoparticle on top.
The nanoscale cavity lies between the nanoparticle and mirror. The cavity acts as a
waveguide allowing for multiple reflections of the mode in the gap [37].

The NCoM system can be fabricated with great precision due to the availability
of a highly accurate method of depositing the dielectric spacer, namely atomic layer
deposition. The nanocavity’s small size allows for a large free spectral range, which
means that for each cavity length only two mode orders are seen in the visible range
[39]. The first order,’gap’ mode, is broken into discrete states, sm,n where m is the
radial node and n is the azimuthal node. These nodes depend on the geometry of the
NCoM and have poor coupling efficiency to free space. However, when the NCoM has
the correct symmetry, the second order mode, the ’antenna’ mode l, can couple with the
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Figure 2.8: Charge distribution of silver NCoM, showing interband
(IB) and gap mode [44]

gap mode creating mixed modes, sm,n + l = jn [40]. Consequently, it is not possible to
separate the system into 3 components because the system becomes a hybridization of
the Fabry-Perot gap mode and antenna mode. When the system is resonantly excited
charge oscillations (dipoles) on the nanoparticle couple to image charges on the mirror
which hybridize and form a symmetric longitudinal gap mode perpendicular to the
surface [41, 42]. This highly confined trapped mode generates an extremely sharp,
strong, and tuneable plasmon resonance in the gap [38, 43]. The coupling of the cavity
mode with the nanoparticle’s antenna mode then radiates effectively due to the charge
distribution over the entire nanosystem [41]. The charge distribution in the NCoM
depends on which mode is excited as shown in Figure 2.8 [44]. The first cube in Figure
2.8 represents the charge distribution due to interband transitions, which is at about
504 nm for this silver nanocube on mirror. The charge is mostly concentrated on the
four corners of the nanocube. The latter cube displays the gap mode at 1012 nm and
is mostly concentrated along two sides of the cube.

2.2.3 Resonance Tunability

The NCoM is a highly tunable construct, with the resonant lineshape dependent on
the size and shape of the nanoparticle, and the thickness of the spacer. Figure 2.9a
shows the extinction spectra of four separate Au NCoMs. Due to changes of just a few
nanometers of the Au nanocubes the resonance lineshape varies. This is due to the
different confinement of conduction band electrons which plays a role in the optical
properties through both the position and width of the resonance [45]. For a particle
that is larger than the mean free path of the conduction band electrons size increases,
the plasmon linewidth is expected to increase. This characteristic is attributed to an
increase in radiation damping with increasing particle size. Furthermore, a red shift
is expected with increasing nanoparticle size. Consider the same nanoparticle in an
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Figure 2.9: Extinction measurements of gold NCoM (a) with varied
gold cube sizes and (b) varied spacer thickness [38]

electric field as a dipole. As the particle size increases there is a weaker interaction
between the charges since they are further apart, and thus it has a smaller dipole
moment. The restoring force depends on how strongly the charges feel each other due to
Coulomb interactions drawing the electrons back together. The stronger the Coloumb
interaction, the higher the frequency oscillations required to sustain the resonance. Due
to the inverse relationship between frequency and wavelength λ ∝ 1

ω
, large particles

require low frequencies to maintain the oscillation thus a red spectral shift is observed.
For small particles, higher frequencies are required to sustain the resonance, thus a
blue shift is seen for smaller particles. However, this trend is not always observed
experimentally [45].

Moreover, the NCoM is closer to a Fabry-Perot cavity than a plasmonic nanoparti-
cle, and so changing the space between the mirrors dominates the gap mode’s proper-
ties. The thickness of the spacer (gap size) plays a critical role in the resonant energy
lineshape, allowing the resonant energy to span over a broad energy range shown in
Figure 2.9b [38]. A blue shift of the gap mode with a constant gap material is assigned
to an increase in gap size. The blue shift is accredited to a reduction in coupling
strength of the cavity to the electric field [46].
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Figure 2.10: Energy resolved plasmon driven chemistry exhibited on
gold NCoM [38]

2.2.4 Cavity Characterisation

A key parameter used to characterise optical cavities is the quality factor, Qfactor

[47]. The quality factor represents spectral confinement in the cavity, and is described
by [47];

Qfactor = ωr

∆ω
(2.14)

Where ωr is the resonance frequency and ∆ω is the FWHM. In essence, the quality
factor describes how long a photon is trapped in the cavity and is dependent on the
optical feedback mechanism. In the NCoM, it is defined by the mirror and nanocube
reflectivity and losses. Although extremely high mode confinement is obtained in plas-
monic nanocavities, the quality factor can be reduced due to scattering losses of the
nanoparticle [39].

2.2.5 Plasmon Resonance Lineshape Analysis

The NCoM is a powerful construct to study reactions on a single particle scale. Ok-
senberg et al. used a Au NCoM to resolve reaction processes on an energy scale shown
in Figure 2.10 [38]. By varying the thickness of the dielectric spacer, and using size
dispersity of colloidal nanocubes to their advantage, they could uncover at what energy
a reaction process occurred at, and further what the driving mechanism was for each
process by spanning over a large energy range (1.6-2.1 eV). They directed a laser beam
on a single NCoM and scanned over a broad range of wavelengths. This process allowed
them to both induce processes at the surface of the particle, and track processes by
measuring changes the nanocube’s extinction spectrum for each wavelength scan.
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As discussed in section 2.1.3, there are multiple decay pathways for plasmons which
could drive a reaction. The total decay accounting for these mechanisms follows the
equation [48];

Γtot = γbulk + Γrad + Γsurf (2.15)

Where γbulk refers to bulk damping due to the decay of the plasmon through the
generation of electron-hole pairs and is described by the metal’s dielectric function Γrad

refers to the radiative decay of the plasmons, and Γsurf describes surface scattering.
These damping terms can be described using analytical and numerical electromagnetic
simulations. However, it was found that the measured plasmon resonance did not
match exactly with theoretically calculated resonances [49]. It was concluded that
there is some additional damping mechanism, which is termed ΓCID, which describes
chemical interface damping[48],

ΓCID = A
νf

leff

(2.16)

Where νf is the fermi velocity of the electrons and leff is their average distance from
the surface and A is a constant. The total plasmon damping is now described by;

Γtot = γbulk + Γrad + Γsurf + ΓCID (2.17)

Chemical interface damping accounts for additional damping channels for the plasmon
due to its surrounding environment. Thus, it is not accounted for in optical simulations
that do not include ligands or adsorbates on the surface. Tracking changes in the CID
can provide information about groups attached the metal. Liyanage et al. found a
correlation between the nature of a group for electron donating or electron withdrawing
with changes in the resonant wavelength [50]. An electron donating group is a group
that increases the electron density of the molecule it is attached to, where an electron
withdrawing group decreases the electron density of the molecule it is attached to.
According to the Drude model, attached ligands that are electron donating should
increase the free carrier concentration and therefore display a blue shift in the resonance
since more free carriers increase the bulk plasmon resonance, and vice versa for electron
withdrawing groups. However, the opposite trend is seen, as shown in Figure 2.11,
where more electron donating groups red shift the plasmon resonance. The attached
ligand is attributed to the changes to the delocalization of the electron wavefunctions
due to hybridized orbitals formed between electronic states. This is possible when
there is a correct alignment of the molecular orbitals. The hybridization alters the free
carrier concentration of the metal nanoparticle consequently impacts the LSPR.

Oksenberg et al. observed extraordinary changes in the lineshape of cavities simply
due to a change in the adsorbed ligands (Fig 2.12). This highlights the importance
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Figure 2.11: Change in lineshape due to ligand exchange correlated
with electron withdrawing/electron donating nature of the ligand [50]

Figure 2.12: Change in lineshape due to ligand exchange (a) change
in FWHM (b) change in resonant energy for gold NCoM

of the effect of adsorbed ligands and the influence CID has as an additional plasmon
decay channel. The group tracked reactions by carrying out consecutive wavelength
scans on a single cavity to induce a reaction and used changes in the lineshape to
monitor processes occurring on an energy scale. Knowledge gained from the reactivity
landscape of methylene blue obtained through lineshape analysis integrated with the
correlation of the landscape to methylene blue’s band structure was used to understand
at what energy reactions were happening and what mechanism was driving the reaction.
Surface Enhanced Raman Spectroscopy (SERS) was used to identify products at the
energies where the largest change in lineshape were observed. Combining all of this
information, the group deduced that two reaction mechanisms occured; direct charge
transfer induced desorption at 1.7 eV and near field driven demethylation at 1.9 eV
(Fig 2.10). This work is remarkable not only because it provides a system to study
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processes on the nanocavity’s surface, which are often difficult to discern from bulk
processes, but also opens the possibility to unlock and tune reaction pathways that
may not be possible using conventional catalysis.

2.3 Gold@Palladium Core@Shell Nanocube on Mir-
ror Configuration

2.3.1 Properties of Gold@Palladium Core@Shell Nanocubes

Au NCoMs exhibit intense, sharp and highly tuneable gap plasmon resonances as dis-
cussed in 2.2.5 [38]. Nonetheless, Au is not an exceptional catalyst because it does not
have the correct binding energies for many reactions and thus has limited surface chem-
istry [51]. Combining materials into bimetallic nanostructures is a hot topic because
of the possibility to extract a combination of their optical, electronic and catalytic
properties.

A core@shell structure is interesting to study because it benefits from the charac-
teristics of the plasmonic core while maintaining a catalytically active surface. The
core material should have a lower imaginary part of the dielectric function compared
to the shell [52]. This is so that the high energy carriers generated from the decay of
the LSPR can preferentially transfer to the shell and enhance catalysis.

Pd is a renowned active catalyst, particularly effective with reactions involving
hydrogen and oxygen, however, it does not have excellent or exciting optical properties
in the visible region. It absorbs well in the UV with a broad absorption peak at 370
nm because of both its plasmon resonance and interband transitions [53]. Nevertheless,
its absorption declines drastically in the visible region, which is not optimal as it
reduces the possibility for sunlight driven reactions. By combining a plasmonic core
material with a catalytic shell, the decay of the LSPR can be utilized to its maximum
by improving selectivity and further enhancing reaction rates while under ambient
conditions.

A Au@Pd core@shell (Fig. 2.13) is an optimal design because it allows the Au to
act as plasmonic antenna to harvest incoming light while the Pd acts as the catalytic
sensitizer at the surface reacting with adsorbates. Pd is suited as the shell material
on a Au core as it has a higher imaginary part of the dielectric function compared to
Au. Au and Pd have excellent characteristics individually, yet when the metals are put
together in a core@shell structure these features couple to form a new construct with
hybridized properties.

The first feature, a downfall of the structure, is a damping of the LSPR by the Pd
shell through coupling to the Au and interactions with the Pd interband transition.
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Figure 2.13: Au@Pd core@shell nanocube schematic [54]

Since Pd has a high imaginary part of the dielectric function, it is more lossy than
Au in the visible range. This is due to the availability of direct interband transitions
from the d band to the s band. As previously stated, the consequence of putting these
materials together is that the energy should be preferentially dissipated from the gold
to the palladium and finally to the adsorbate molecule. This means that the wave is
highly damped and the dissipation of energy for free electrons is high. Furthermore,
Pd has a larger work function than gold (5.6,5.3 eV respectively), which means that
electrons will flow to the Pd until equilibrium is reached [55]. However, the enhanced
near field and hot electron production is damped due to a lowering of hot electrons in
Au available [48].

Nevertheless, it has been shown that Au@Pd core@shell structures experience a
synergy, even without utilizing the plasmonic properties of Au and using the struc-
tures for conventional thermal catalysis [56]. Synergy is when the bimetallic properties
are enhanced compared with its mono-metallic counterparts. Figure 2.15 depicts an
increase in turn over frequency (TOF) and selectivity with respect to an increasing
Pd shell on Au nanorods. The optimal thickness of the Pd shell was found to be 6
atomic layers for maximized thermal catalysis in hydrogenating butadiene. It is diffi-
cult to discern exactly the mechanisms which cause the synergy. One explanation owes
to the changes induced in both the geometric and electronic properties by having a
core@shell structure [57]. Geometrically, there is a lattice constant mismatch between
Au (4.079 Å) and Pd (3.8898 Å), and although there is not a very large difference be-
tween the two, the small mismatch induces a strain of approximately 4.6% [58]. This
lattice strain can cause high adsorption energy of the reactants compared with a single
metallic catalyst, which is supported by DFT and has been shown to enhance plasmon
driven reactions [56, 59]. If the Pd layer is too thin (<1 nm), the Au core can lower the
binding energy of the Pd, which can have a negative impact on catalysis depending on
the molecule in question. The lattice strain is high enough to have an effect on cataly-
sis, however it is below 5%, which is the threshold of mismatch for epitaxial growth of
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Figure 2.14: Synergy of Au@Pd bimetallic nanorods exhibited through
conventional thermal catalysis of hydrogenation of butadiene [56]

a metal on another metal [60, 61]. Electronically, combining Au and Pd shifts the the
d-band orbital overlap of Pd which can affect the shells binding energy through changes
in the electronic structure on the surface, which influences the structures interaction
with adsorbate molecules. [57, 60, 61].

It has been shown that the properties induced by combining Au@Pd nanoparticles in
a core@shell structure also improves plasmon enhanced catalysis. The surface charge
heterogeneity due to the LSPR has been identified as be the reason for enhanced
catalysis [18, 59]. The surface charge separation on the metals can activate the adsorbed
molecule and thus enhance formation of products [59, 62]. Pd is great catalyst for
reactions involving hydrogen with Au@Pd core@shells displaying promising results for
formic acid dehydrogenation [18]. Formic acid has been proposed as a suitable hydrogen
storage material because it is non-toxic and is in a liquid state at room temperature.
Furthermore, it has a high density and thus a high volumetric capacity exceeding that
of current commercial hydrogen pressure tanks [63]. Using Au nanorods with a thin
2 nm Pd shell on the tips, Zheng et. al saw hydrogen evolution increase almost 15
times under light irradiation compared to in the dark, and even saw results at 5◦C
comparable to thermal catalysis at 40◦C which is shown in Figure 2.14 [18].
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Figure 2.15: Plasmon enhanced formic acid dehydrogenation on Pd
tipped and Pd covered Au nanorods [18]

Formic acid can undergo two dehydrogenation pathways,

HCO2H → CO2 +H2

HCO2H → CO+H20

Nonetheless, the group found that the nanostructures selectively dehydrogenated
formic acid to CO2+H2. The CO2 can then be used as feedstock to produce formic acid,
and so the system is carbon neutral. Quenching of photoluminescence was observed
at the LSPR which suggests that electrons were transferring to the Pd which induced
the surface charge heterogeneity, leading to the enhanced interaction between the Pd
and adsorbate. They also conducted a study using platinum as the catalytic shell and
saw no enhancement in catalysis. Consequently, they attributed the improved reaction
rate on the Au@Pd nanorods to the intrinsic properties of Pd which were improved by
the Au core.

Although hydrogen production is critical so that clean energy is available to society,
the detection of hydrogen is equally as important. Hydrogen is a colourless, tasteless,
odourless gas but is highly flammable [64]. Even at low concentrations, this gas can
be a danger to society, with required energy for explosion just 0 017 mJ, an order of
magnitude lower than the minimum ignition energy for other flammable gases like
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Figure 2.16: Absorbance spectra of Au@Pd core@shell nanoparticles
on glass substrate with increasing hydrogen concentrations

petrol, butane, methane, ethane and benzene [65]. Au@Pd core@shell nanoparticles
are ideal candidates for hydrogen sensing. Figure 2.16 shows the sensitivity of Au@Pd
nanoparticles to hydrogen concentration. The Pd shell has a high affinity for absorption
of H2 due to the exothermic and barrier-free dissociative adsorption of H2 on Pd [51].

Pd +
x

2
H2

⇀↽ PdHx

A Pd hydride is formed and through the adsorption and desorption of H2 an α and β

phases generated are detectable using lineshape analysis [64]. This process is reversible
which means it is regenerative.

2.3.2 Experiment Configuration

Despite reported catalytic enhancements due to the Au@Pd core@shell nanostructures,
it is still unclear what is really happening at the interface of the metals. Understanding
the effect of the catalytic material on the charge carrier generation from the plasmonic
core and how carriers are transferred to the catalytic shell and further to the adsor-
bate is critical to optimize these systems. Furthermore, the detection limit of optical
hydrogen sensors is still below that of electrical sensors [66]. Although utilizing sur-
face lattice resonances has improved the detection limit of optical sensors, a Au@Pd
core@shell NCoM has the potential to further enhance the sensitivity.

The following work studies a Au@Pd core@shell NCoM system to explore its ability
to be used to track and induce a chemical reaction. This research can be extended to
begin to understand processes occurring at the interfaces of the metals. The shape of
the particle chosen is a key component in designing this system. It has been found that
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anisotropy is favourable for catalysis because it enhances surface charge heterogeneity
[18]. For this reason, the nanocube on mirror has been chosen, as it exhibits anisotropy
in the NCoM while providing a sharp gap plasmon resonance [38]. The spacer material
Al2O3 is chosen due to its low surface damping and low electron affinity [48]. A Au mir-
ror is used as it is stable has a high reflectivity practically independent of the angle of in-
cidence.

Figure 2.17: MBA

The reactant chosen to study is mercaptobenzoic acid (MBA)
(Fig 2.17). MBA forms self assembled monolayers which are re-
quired to probe a single molecule on the surface of the nanopar-
ticle and as they make it possible to compare various cubes
by assuming a constant surface coverage [67]. Self assembled
monolayers also aid in metal-molecule hybridization [50]. Fur-
thermore, MBA has been shown to decarboxylate on plasmonic
gold films and nanoparticles resulting in the production of thiophenol (TP) [67–69].
TP has a distinguishable SERS signal compared to MBA therefore the reaction is de-
tectable using this technique. Moreover, it is interesting to see the effect of the Pd shell
on this studied reaction mechanism. The catalytic surface combined with the ability to
span a wide range of energies due to the NCoM tuneability could unlock new reaction
pathways.
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Chapter 3

Methods

3.1 FDTD Simulations

Computational simulations were carried out using the finite-difference-time-domain
(FDTD) algorithm from Lumerical Solutions, Inc., which solves Maxwell’s Equations.
The simulation was run in 3D, with perfectly matched layers (PML) boundary con-
ditions in the z direction, and anti-symmetric and symmetric boundary conditions in
the x and y directions respectively. The FDTD simulation region was 500 nm in all
directions. The light source used was total-field scattered field with an injection axis
along the z direction and a geometry of 200 nm in all directions. A wavelength range
of 250-1200 nm was probed.

The optical constant for Au was taken from values obtained for bulk Au measured
by Johnson and Christy [70]. The optical constant for Pd and the Al2O3 were obtained
from Palik [71]. The size of the Au nanocube was initially taken to be 70 nm which was
stated by Nanopartz. Once a size distribution of the Au nanocubes was carried out
the mean size of the cubes, 65 nm, was used. To imitate the shape of the nanocubes,
which in reality have curved corners rather than perfectly sharp corners, the cubes
were modelled as a series of rectangles, spheres and circles using the structure group all
rounded quadrilaterals located in the extruded polygons tab in the Lumerical software.
The radius of the circle, which defines the roundness/sharpness of the corners, was
initially taken to be 12 nm. However, upon conducting size distribution calculations
the corner radius was taken to be 15 nm and 15.5 nm for Au and Pd respectively. For
the NCoM simulations the Al2O3 layer was placed between a thick Au mirror and the
nanocube as shown in Figure 3.1. A detailed mesh of 0.25 nm was placed around the
region of interest which covered the gap and went a few nm into the nanocube and the
mirror. For the UV-VIS absorption measurement, a single Au-Pd core-shell nanocube
in vacuum was simulated.

Absorption and scattering monitors were placed inside and outside of the light
source, with geometries of 150 nm and 250 nm in all directions respectively. Data from
these monitors was exported to python to calculate extinction cross sections. A 2D
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Figure 3.1: FDTD Schematic of NCoM simulations

y-normal electric field monitor was placed inside the light source with a geometry of
120 nm in x and z, which measured the electric field of the nanocube and in the gap.
A refractive index monitor was used to ensure that the program was reading the order
of the core and shell correctly. Parameter sweeps were performed using the built in
optimizations and sweeps tab. All parameters were defined in the model which were
then called in this tab. The data from the sweeps was exported to python and plotted
for analysis.

3.2 Palladium Shell Overgrowth

3.2.1 Chemicals

Gold nanocube colloidal solution (70 nm, citrate capped, 0 05 mg mL−1, OD1) was pur-
chased from Nanopartz, Hexadecyltrimethylammonium bromide (CTAB, BioXtra, ≥
99%), Palladium(II) chloride (ReagentPlus PdCl2, 99%), Hydrochloric acid (HCl, ACS
Reagent, 37%), L-Ascorbic acid (BioXtra, crystalline, ≥ 99.0%), 4-Mercaptobenzoic
acid (4-MBA, 99%) were purchased from Sigma-Aldrich.

3.2.2 Synthesis

Pd overgrowth on Au nanoparticles has been extensively studied such that the growth
mechanism can be tuned by choosing particular parameters. The recipe used in this
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Figure 3.2: Au-Pd core-shell nanocube synthesis schematic [54]

work uses the Au nanocubes as the core, the Pd precursor provides the metal ions and
the HCL and L-ascorbic acid lightly reduce the ions on the surface of the Au nanocube
shown in Figure 3.1. The capping agent CTAB is chosen due the stability it provides.
Furthermore, CTAB forms a densely packed bilayer on the surface of the Au nanocube
which facilitates epitaxial growth of the Pd, irrespective of their lattice mismatch [72].
Moreover, it has been reported that using CTAB as the capping agent should produce
single crystal Pd shell [72].

The protocol by Zheng et al. was followed to make the stock precursor solution,
0.01 M H2PdCl4 [18]. First, a 0.02 M HCl solution was prepared by slowly adding
0.016 mL HCl to 2.5 mL of deionized water followed by adding 7.5 mL of deoinized
water. Then, 0.0177 g PdCl2 powder was dissolved in the HCl by sonication for 60
minutes at 60◦C.

The procedure for the palladium shell overgrowth was adapted from work by van
der Hoeven et al. [56]. A 0.1 M solution of HCl was prepared by slowly adding 0.088
mL HCl to 2.5 mL of deionized water followed by 7.5 mL of deoinized water. The
precursor solution was diluted to 5.5 mM by combining 1000 µL of the H2PdCl4 stock
solution to 818.2 µL of deionized water. A solution of 22 mM fresh L-ascorbic acid was
prepared by adding 0.0387 g L-ascorbic acid to 10 mL Milli-Q water and dissolved via
sonication.

A 0.1 M solution of CTAB was prepared by adding 0.1426 g CTAB to 4 mL of
deionized water and sonicated until dissolved. In a 7 mL glass vile, which is the
reaction vessel, 1 mL of the CTAB solution and 250 µL of the nanocube solution from
Nanopartz were added and sonicated for 10 minutes. A magnetic stirrer was added to
the vessel and set to stir at 800 rpm. Sequentially, 10 µL of 0.02 M HCl, 10 µL H2PdCl4
and 10 µL of fresh L-ascorbic acid were added to the vessel while stirring at 800 rpm.
The solution was left to react for 30 minutes while stirring at 400 rpm. To end the
reaction the solution was centrifuged at 4000 rcf for 30 minutes. The supernatant was
removed and the nanocubes were redispersed in MilliQ water and washed a further 3
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times for purification. The resulting solution was stored at 4◦C in the dark.

3.2.3 Optical Characterisation

UV-VIS Spectroscopy

Steady state absorbance spectra were measured using a LAMBDA 750 UV/Vis/NIR
Spectrophotometer (Perkin Elmer). Absorbance spectra were measured from 250-800
nm by using both a deuterium and tungsten lamp to access this wavelength range. The
light then passes through a monochromator, so the sample observed the wavelengths
sequentially.

The solutions were measured in a quartz cuvette in the spectrophotometer. Quartz
was chosen because as it transmits light in the UV-VIS region. When light irradia-
tion hits the solution the sample reflects, scatters, absorbs and transmits light. The
wavelength of light absorbed has the required energy to excite an electron from a
lower to higher energy level, which produces a characteristic absorbance spectrum [73].
These spectra can be measured using a PbS detector. The absorbance follows a linear
relationship at low concentrations according to the Beer-Lambert Law;

A = ϵdc (3.1)

Where ϵ is the molar absorptivity in units of L mol−1cm−1, d is the path length of light
and c is the concentration. The concentration of the solution should be less than ≈ 10
mM. Solutions with a higher concentration behave non-linearly owing to interactions
between the analyte and solvent which can induce a different charge distribution in
the solution. Since the UV-VIS absorbance spectrum depends on the electronic tran-
sitions of the analyte, high concentrations may cause the absorbance wavelengths to
shift. Furthermore, at high concentrations the refractive index of the solution may be
altered which affects the Beer-Lambert law. To obtain quantitative results the ma-
chine should be calibrated with known concentrations of about 5 solutions to obtain a
calibration curve. This was not required in this instance since only qualitative results
were required.

The absorbance spectrum of MilliQ water was measured as the reference. This was
followed by measuring the absorbance spectrum of the bare Au nanocubes (nanocubes
before overgrowth) by adding 250 µL of the Nanopartz Au nanocubes to 1 mL of
MilliQ water. Subsequently, the absorbance spectrum of the nanocube solution after
overgrowth was measured. The data was exported to python where the reference
was subtracted from the absorbance spectra of the nanocube solutions to obtain the
absorbance of the nanocubes.
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3.2.4 Elemental Characterisation

Transmission Electron Microscope - Energy Dispersive X-Ray Spectroscopy
(TEM-EDS)

A Spectra 30-300kV (S)TEM was used for initial elemental characterisation of the
nanocubes after Pd shell overgrowth. It is a double aberration corrected electron
microscope which was operated by dr. Ali Kosari at the Electron Microscopy Centre,
Utrecht University. The microscope was operated at 300 keV. The nanocube solution
after overgrowth was sonicated for 15 minutes prior to dropcasting 8 µL of the solution
on a carbon film coated carbon supported copper TEM grid. The droplet was allowed
to dry in air at room temperature. This process was repeated once to ensure an
adequate concentration of particles were on the TEM grid. The sample was loaded in
a double-tilt TEM holder and plasma cleaned for 2 seconds to remove contaminants.
The Spectra 30-300kV (S)TEM is equipped with a SuperX detection system for Energy-
Dispersive X-ray Spectroscopy (EDS) which was used for the elemental mapping of the
Au@Pd core@shell nanocubes.

Bright field STEM operates by shooting electrons at a sample and collecting the
transmitted electrons. This is carried out under vacuum to ensure that molecules
present in the machine do not interact with the electron beam. Electromagnetic lenses
focus the electrons in a narrow beam. Some electrons will be scattered by the specimen
depending on its composition and orientation. These electrons are detected, and an
image is formed. For the EDS measurements, a beam of high energy electrons is shot
at the sample. This ionizes the atoms in the sample and removes electrons from the
inner atomic shells. Higher energy outer shell electrons then fall into the holes created
and release energy in the form of X-rays. An X-ray detector collects the signals and
due to the principle that every element has a unique atomic structure, therefore the
process leaves an atomic fingerprint enabling the identification of the elements.

Scanning Electron Microscope - Energy Dispersive X-Ray Spectrscopy (SEM-
EDS)

Further elemental data on the same sample (on TEM grid) was obtained using an FEI
Verios 460, a high-resolution Scanning Electron Microscope (SEM) equipped with an
Oxford EDS detector which was operated at 15 kV and 1 nA. Conducting measurements
on the TEM grids enabled higher signal acquisition due to less noise from scattering
that would occur on a silicon substrate. Elemental linescans of the Au@Pd core@shell
nanocubes were conducted to obtain linescan data and EDS elemental spectra. In
an SEM, back-scattered electrons are detected, compared with transmitted electrons
which are detected in a TEM. In a similar set-up to TEM, under vacuum, an electron
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beam passes through numerous electromagnetic lenses and is directed at the sample. To
obtain high resolution images immersion mode was used to image the nanoparticles. In
this mode, the sample is in a magnetic field so that secondary electrons are detected.
These electrons come from atoms in the sample and are inelastic due to the loss of
energy from the primary electron and provide information about the surface of the
specimen. The SEM-EDS detector operates in the same way as the TEM-EDS detector.
The resulting spectrum obtained is intensity vs. X-ray energy. The Oxford Aztec
software performed tricks to help identify what elements correspond to the observed
peaks.

3.2.5 Structural Characterisation

High Angle Annular Dark Field - Scanning Transmission Electron Mi-
croscopy (HAADF-STEM)

The structure of the Au@Pd core@shell nanocubes was investigated with the Spectra
30-300kV (S)TEM. The same sample was used as in the elemental characterisation.
Images were taken in dark field mode which is where the beam that passes through
the objective aperture is centred on a diffraction point. This means that only electrons
which are diffracted by crystalline specimen in on the substrate are collected. An
annular dark field detector is placed at high angles with respect to the diffracted beam.
This is to avoid Bragg diffracted electrons and only detect high angle incoherently
scattered (Rutherford scattered) electrons [74]. The angle that these electrons are
scattered by (θ) is highly dependent on the material weight i.e., the atomic number
Z. Therefore, the core and shell can be identified due to the difference in Z contrast.
Since Pd has a lower atomic number than Au it will show up darker compared with
Au.

High Resolution Transmission Electron Microscopy (HRTEM)

The Spectra 30-300kV (S)TEM was used for high resolution TEM imaging to identify
the lattice matching of the Au@Pd core@shell structures. This is bright field TEM
imaging with a resolution high enough to identify lattice spacings. The resolution is
improved by using both transmitted and scattered beams which create an interference
image. The same sample as for TEM-EDS and HAADF-STEM was used.

Particle Size Distribution

The average size of Au core nanoparticles prior to Pd shell overgrowth was measured
using the FEI Verios operated at 5 kV and 100 pA. The data was imported to the
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software package ImageJ and the size of 100 Au nanocubes was measured. The acquired
data was used for further simulations.

3.3 Nanocavity Fabrication

3.3.1 Chemicals

Ammonia (NH4OH 30%), Hydrogen Peroxide (H2O2 30%), Trimethylaluminium (Al2(CH3)6,
97%) were purchased from Sigma Aldrich. Negative resist (ma-N 1420) was purchased
from Micro Resist Technology GmbH, Hexamethyldisilazane (HDMS), UV-Lithography
developer (Ma-D 533s), MilliQ H20, Samples were prepared on silicon ⟨100⟩ substrates.

3.3.2 Substrate Preparation

Base Piranha

The silicon substrates were sonicated for 15 minutes sequentially in deionized water,
acetone and isopropanol to remove the resist layer which was used to protect the wafers
when they were being cut. This procedure was followed by a standard base piranha
clean, a 5:1:1 mixture of H2O : NH4OH : H2O2. The substrates were first sonicated
in deionized water. Then a beaker was filled with 5 parts deionized water and heated
to 75◦C. Then, 1 part NH4OH was added while the solution was stirred by magnetic
stirrer. Once the solution returned to 75◦C, 1 part H2O2 was added. The silicon
substrates were then added to the base piranha solution and left for 15 minutes. The
samples were removed, washed with water and isopropanol, and dried with an N2 gun.

Plasma Cleaning

To remove any remaining contaminants the substrates received mild oxygen plasma
descumming (Diener Electronic Pico QR-200-PCCE) for 2 minutes. Oxygen gas was
introduced in the plasma chamber and was converted to plasma using high frequency
voltages at low pressure.

3.3.3 Fabrication

Spin Coating

Prior to UV-Lithography, a photoresist was spin coated on the substrates. Spin coating
is a method of forming thin films on substrates. The substrate is placed in the spin-
coater and a drop of the desired film material is dropcasted on the substrate. Assuming
the drop covers the entire substrate, the volume dropcasted does not determine film
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thickness. The film thickness depends on the viscosity of the solution and the settings
chosen in the spin coater.

An adhesion promoting layer of HDMS was spincoated on the substrates (Suss
MicroTec-Delta 80) with a ramp speed of 1000 rpm s−1 and a spin speed of 4000 rpm
for 35 s. The substrates were then baked at 150 ◦C for 60 s. Following the adhesion
layer, the negative photoresist ma-N 1420 was spincoated on the substrates with a
ramp speed of 1000 rpm s−1 and a spin speed of 4000 rpm for 45 s. The substrates
were then baked at 120 ◦C for 120 s. The thickness of the resist was measured using
the KLA Tencor Stylus Profiler P7.

UV-Lithography

The substrates were patterned by UV-lithography (Suss MABA6, UV Mask aligner).
Using an optical mask, a pattern can be imprinted on the substrate. UV light is used
to transfer the design of the mask to the photoresist which was spin coated on the
substrate prior to UV-Exposure.

The substrates were exposed to UV for 12 s at 25 mWcm−2 through the photolithog-
raphy mask comprised of labelled grids with numbered squares of 100 µm2. A negative
resist was used which means that it was strengthened under UV illumination. The pat-
tern was developed by immersing the substrates in Ma-D 533s for 90 s which dissolved
the resist in the regions which were not exposed to UV.

Thermal Evaporation

A 5 nm chromium adhesion layer followed by a 100 nm gold layer were evaporated
on the substrates using an AMOLF home built thermal evaporator (Nanoontje). The
material pellets were placed in tungsten boats and evaporated by passing an electrical
current through the boat. The deposition rate was maintained 0.05 nms−1 by adjusting
the current which controls evaporation rate and thus the deposition rate.

Lift-Off

The substrates were soaked in acetone for 1 hour followed by 5 minutes of syringing
to lift-off the resist. Since a negative resist was used and any resist in the fields was
previously removed, only the grid lines and numbers were lifted off. Leaving behind
gold fields encompassed by silicon grid lines and silicon numbers.

Atomic Layer Deposition (ALD)

An AMOLF home built atomic layer depostion (ALD) system was used to deposit
the thin layers of Al2O3 on the gold mirrors. In ALD, vaporised precursors are added
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Figure 3.3: Optical set up schematic [38]

sequentially. Each precursor reacts with the substrate surface in a self limiting way
so that the reaction ends wen all reactive sites of the substrate are used [75]. The
pressure of the system was maintained at 1.1 mbar and the stage was set to 250◦C.
The system was first conditioned (run without substrates) for 50 cycles of 20 ms MilliQ
H20, 20000 ms delay, 20 ms Al2(CH3)6 and 20000 ms delay. The delay time was to
allow the precursor time to react with the surface. The thickness of the Al2O3 layer
was determined by the number of cycles performed, with each 10 cycles amounting to
1.2 nm of Al2O3. Two substrates of 10, 20, 50 cycles each were ran.

Dropcasting

Finally, the nanocavities were formed by dropcasting the nanocube solutions on the
desired grid on the Al2O3 and Au mirror. First, the Au and Au@Pd nanocube solutions
were sonicated for 15 minutes. Bare Au nanocavities were fabricated by dropcasting
10 µL Au nanocubes for 10 minutes followed by washing with deionized water. This
process was repeated to ensure an adequate concentration of Au particles on the grid.
The Au@Pd nanocavities were formed by dropcasting 10µL of the nanocube solution
on the desired grid for 10 minutes followed by another 10 µL drop and let to dry in air
at room temperature. The samples were then soaked in ethanol for 24 hours to remove
any residue and were dried with an N2 gun.

3.3.4 Characterisation

Integrating Sphere Spectroscopy

The nanocavities were characterised using an integrating sphere spectroscopy setup
shown in Figure 3.3. A supercontinuum laser (NKT Photonics, SuperK FIANIUM) is
used to enable access to a broad range of wavelengths (390−2400nm). The broad light
source is sent through an acousto-optic tunable filter (AOTF, Crystal Technologies) so
that specific wavelengths can be chosen. The beam then passes through a polarizing
beam splitter which allows only one polarization of light through (Thorlabs). Neutral
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density filters (Thorlabs) are included to enable simple control of the intensity of the
beam hitting the sample. Then, the beam passes through a beam splitter directing
half of the light to photodetector (M) which acts as a beam monitor to account for
fluctuations in laser intensity. The rest of the light is directed through an objective
(Mitutoyo M ApoPlan NIR ×50) with an NA= 0.42, where it is focused on the sample
which is placed on a 3D piezo stage (Piezojena Tritor400) inside an integrating sphere
(LabSphere, GPS-020-SL). A photodetector (IS) is placed behind the integrating sphere
which collects the scattered light, while the reflected light passes back through the
objective to the beam splitter, where it is directed to the third photodetector (R).
The three photodetectors are connected to Standford Research Systems SR830 lock-in
amplifiers which receive the lock-in from the AOTF to improve the signal. The set up
is equipped with a CCD camera (Thorlabs) and a white light source so that location
in the sample is known using optical microscopy to locate the field of interest.

Spatially resolved extinction spectra were obtained by scanning over a large area
of interest in steps of 1 µm. These fields were first chosen by first taking high-
resolution SEM images using the FEI Verios 460 at 5 kV acceleration voltage and
100 pA. Low magnification (8000x) images of the fields were taken at a high scan reso-
lution (6144x4096) pixels and a dwell time of 3 µs. This method provides the ability to
image a large area, while maintaining the capacity to identify nanocubes by zooming
in on the suspected cube. These low magnification, high resolution SEM images were
overlayed with the large area extinction maps. A dip in reflection in the extinction map
suggested that a nanocube was present since the substrate is a mirror and should have
almost perfect reflectance. When a pixel was identified as a prospective nanocube, it
was cross checked with the SEM image shown in Figure 3.4 a. If the structure was
identified to be a nanocube, a high resolution 0.5 µm extinction map was taken in the
region of the nanocube to identify the exact pixel of the cube. The nanocube was then
characterised by conducting a full wavelength scan on it and recording the resulting
extinction spectrum.

Extinction describes the amount of energy removed from the light beam where;

Pext = Pabs + Pscat (3.2)

Where Pabs is the power absorbed and Pscat is the power scattered. The power incident
on the sample is;

Pin = Pref + Pabs + Psca (3.3)

Where Pref is the power reflected. Now,

Pabs + Psca = Pin − Pref (3.4)
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Subbing equation 3.4 in to equation 3.2 gives,

Pext = Pin − Pref (3.5)

Dividing through by Pin gives unitless extinction,

Exctinction = 1 − R (3.6)

Three measurements were taken for each wavelength and averaged to give one extinc-
tion value in steps of 2.5 nm. The spectra were analysed in python by conducting
a Lorentzian fit on the gap plasmon resonance to extract the full width half max
(FWHM) , resonant energy (Eres), and thus the Q factor.

Cathodoluminescence (CL)

Cathodoluminescence (CL) describes light that is generated by electrons in a cathode
ray. When the cathode ray, which is a beam of high-energy electrons, hits the specimen
most of the energy is absorbed generating phonons. However, some of the energy
is converted to X-rays, secondary electrons, Auger electrons and photons which is
known as CL [76]. The electron beam acts as a broadband light source, exciting all
plasmon modes at once. Coherent CL is where the electron beam polarizes the material
generating an oscillating charge inducing the emission of a photon which is related to
the polarization of the material, which dominates for plasmon modes. Incoherent CL is
similar to photoluminescence but the cathode ray carries more energy and quanta than
light [77]. Interband transitions lead to incoherent radiation. The spatial variation of
the plasmon modes can be identified by looking at variation of photon emission in a
CL map [78].

Cathodoluminescence measurements were taken in a modified Thermo Fisher Quanta
650 SEM equipped with a Schottky field emission gun (FEG) capable of generating
electrons from a few 100s eV to 30 keV. The electrons were shot at the sample through
600 µm hole in a parabolic mirror with an acceleration voltage of 20 keV. This mirror
also collected the emitted light from the sample which was directed through a series of
optical instruments and coupled to a silicon charge coupled device array detector.
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3.4 Plasmon Driven Reaction on a Single Nanocav-
ity

3.4.1 Ligand Exchange

The ligand exchange was carried out by first dissolving 0.0463 g of MBA in 20 mL of
ethanol to give a 15 mM solution of ethanoic MBA. The substrates with the nanocav-
ities were immersed the MBA for 16 hours, followed by 3 hours in ethanol. They were
then dried using an N2 gun.

3.4.2 Lineshape Analysis

Plasmon driven reactions on the surface of a single nanocube were tracked and induced
by conducting 10 consecutive wavelength scans from 500-780 nm on a nanocavity. The
nanocavities were located and measured using the integrating sphere set up and with
same procedure as for the cavity characterisation (3.3.4) and shown in Figure 3.4 a.
Changes induced by each wavelength scan to the FWHM and resonant energy were

Figure 3.4: (a) Overlay of high resolution, low magnification image
with extinction map to identify nanocube for extinction measurement.
(b) Schematic of change of lineshape from first to tenth wavelength scan

tracked and analysed to understand what was happening at the surface of the nanocube
(Fig 3.4 b).
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Chapter 4

Results and Discussion

4.1 FDTD Simulations

4.1.1 UV-VIS Spectroscopy Simulations

The first step in realizing the Au@Pd NCoMs is to obtain colloidal solution of Au@Pd
core@shell nanocubes by growing a thin Pd shell on 70 nm Au nanocubes. A UV-VIS
spectroscopy simulation was used to get qualitative information of what the UV-VIS
absorbance results should look like before and after the Pd shell overgrowth. The sim-
ulation was performed on a single nanocube in vacuum. Hence, the simulation was not
expected to match perfectly with the experimentally obtained UV-VIS spectra since
the measured spectra are taken of an ensemble of colloidal nanoparticles in water. Fur-
thermore, the simulation yields the absorption cross section, and the UV-VIS spectra
are measured as absorbance. Nevertheless, from Figure 4.1 it can be deduced that Pd

Figure 4.1: UV-VIS Absorption simulation of single a Au@Pd
core@shell nanocube in vacuum

shell growth on the Au nanocubes should maintain the Au LSPR peak but will broaden
and blue shift the peak according to how thick the shell is. For a thick Pd shell, (>
4 nm), the Au LSPR peak is smeared across the UV-VIS region (250-500 nm). Since
a thin Pd shell is desired, an absorbance peak should be present at the Au nanocube
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resonant energy at ≈ 550 nm but should be blue shifted by ≈ 20 nm and broadened
by by ≈ 10 nm according to the simulation.

4.1.2 Effect of Pd Shell Thickness in NCoM

Simulations of the Au@Pd core@shell NCoM were run to understand the screening
that the Pd shell has on the Au plasmonic core and its effect on the gap plasmon
resonance shown in Figure 4.2. The gap mode is seen between 750 and 850 nm. This

Figure 4.2: Simulation of extinction of Au and Au@Pd core@shell
NCoM with increasing Pd shell thickness (5 nm spacer). The gap plas-

mon resonances lie between 750-950 nm

mode is called the gap mode because it is not seen for Au or Au@Pd nanoparticles
outside of the NCoM and is vocalized in the gap. The second order mode, named the
antenna mode, is at about 550 nm. As mentioned in section 2.2.3, these modes cannot
be completely deconvoluted as they are a hybridization of the plasmonic nanocube and
nanoscale Fabry-Perot modes but are named in this manner for ease of discussion.

Interestingly, in the region of the Au interband transitions (450-600 nm), increasing
the thickness of the Pd shell induces a broadened blue shift and an increase in extinc-
tion. As discussed in 2.3.1, Pd absorbs strongly and broadly in the UV region, which
explains the behaviour of the extinction spectra in the interband regime.

The gap mode also shows a broadening but a contrasting a red shift and decrease
of the extinction as the shell thickness increases. The damping of the gap plasmon
resonance is expected, since the Pd has a higher value for the imaginary part of the
dielectric function than Au and is therefore more lossy than Au as mentioned in 2.3.1.
The red shift in plasmon resonance can be explained by looking at the refractive in-
dex difference of the metals. According to Johnson and Christy, Au has a refractive
index of 0.28 which is smaller than for Pd which is 1.69 [70]. The increased refractive
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index in Pd comapred with Au means that a lower energy is required to excite the
collection oscillation of the conduction band electrons [79]. This is because materials
with a higher refractive index also have a higher dielectric function. Due to the higher
dielectric function, there will be greater polarization of the Pd which attenuates the
accumulating charge. This attenuation reduces the restoring force which reduces the
resonant frequency and thus increases the resonant wavelength.

To understand the effect of the NCoM construct on the field enhancement, a simula-
tion of an Au@Pd core@shell nanocube was simulated in Figure 4.3 with (a) an Au@Pd
nanoparticle and (b) Au@Pd NCoM. The colour bar indicates the field enhancement

Figure 4.3: Simulation of electric field enhancement of (a) Au@Pd
core@shell Nanocube and (b) Au@Pd NCoM for a 3 nm Pd shell (5 nm

spacer). The colour bar represents the enhancement factor |E/E0|

factor |E/E0|, with the maximum enhancement for the Au@Pd nanocube at the cor-
ners of the cube of 4.5. The maximum field enhancement for the Au@Pd NCoM is
106, which is visible on the corners of the cube and in the gap. The NCoM induces
an electric field enhancement an order of magnitude higher than a single nanocube,
translating to two orders of magnitude for the magnitude for the intensity enhancement
|E/E0|2.

Furthermore, it is important to consider the impact of the Pd shell on the field
enhancement in the gap which is shown in Figure 4.4. Although the enhancement
decreases as the Pd shell thickness increases, it still exhibits a significant enhancement
of about an order of magnitude even for a 5 nm Pd shell.

These simulations provide key information that will carry through to the rest of
the project, firstly that a Au@Pd core@shell nanocube can exhibit a gap plasmon
resonance in an NCoM, and secondly that the Pd shell must be thin to maintain the
shape and intensity of the Lorentzian of the gap resonance and further to sustain
extreme enhanced fields.
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Figure 4.4: Simulation of electric field enhancement of Au and Au@Pd
core@shell NCoM with increasing Pd shell thickness (5 nm spacer)

4.1.3 Effect of Dielectric Spacer Thickness in NCoM

It is now established that a thin Pd shell is desired for experiments, and for this reason
a 3 nm Pd shell is used to study the effect of spacer thickness in the NCoM.

Figure 4.5: Simulation of extinction of Au@Pd core@shell NCoM with
increasing dielectric spacer thickness (70 nm Au, 3 nm Pd shell))

Increasing the spacer thickness induces a significant blue shift and narrowing of
the gap resonance. As discussed in section 2.2.3, this is attributed to the reduction in
coupling strength of the cavity to the electric field. Once the gap thickness is >10 nm
the gap mode couples with the antenna mode. This is not advantageous as it makes it
difficult to excite just the gap mode and avoid the Au interband transitions. Further-
more, disentangling chemical processes produced by interband electrons or plasmon
produced hot electrons becomes difficult. Therefore, spacers >10 nm are unfavourable
for gap mode lineshape analysis.
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4.1.4 Effect of Gold Core Dimensions in NCoM

Another important aspect to consider is that colloidal solutions of nanoparticles have a
size dispersity. The Au nanocubes used in this work are from Nanopartz, who state that
the standard deviation of the cubes is 5%, however from a brief look at the particles in
the SEM it was apparent that the size distribution is larger. The simulation in Figure
4.6 shows the Au@Pd NCoM with increasing Au core dimensions, while the Pd shell is
fixed at 3 nm and the spacer set to 5 nm.

Figure 4.6: Simulation of extinction of Au NCoM with increasing core
size (2 nm Pd shell, 5 nm spacer)

As the core size increases, the resonant wavelength of the gap mode is red shifted
and increases in magnitude significantly. This could be since a larger core results in the
’good’ plasmonic to ’poor’ plasmonic material ratio increasing as the core size increases
and the shell thickness is constant. This allows for stronger coupling between the cavity
and the electric field due to the stronger dipole interactions because of the increased
ratio. Changes in the antenna mode are not as obvious. There is not a notable change
in the resonant wavelength, however the Au LSPR becomes much more pronounced
as the core becomes larger. Again, this could be due to the ratio of Au to the Pd
increasing significantly.

4.2 Pd Shell Overgrowth

4.2.1 Optical Characterisation

The measured and simulated UV-VIS absorbance spectra are shown in Figure 4.7.
Qualitatively, in both simulation and experiment the spectrum after the shell growth
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maintains a peak around the Au LSPR. Moreover, in both simulation and experiment
the spectrum is broadened, however in experiment the blue shift is not observed. The
simulation and experimental conditions were different, as the simulation was of a single
particle without a solvent as described in 4.1.1, which explains the discrepancy. Nev-

Figure 4.7: Normalized measured and simulated UV-VIS absorbance
before and after Pd shell overgrowth

ertheless, this sample produced a broadened Au LSPR peak which suggested that a
thin Pd shell had been formed. The signal was weak for the solution after overgrowth,
which suggested that a low concentration of particles was obtained. This is due to
the loss of particles during the numerous purification steps taken at the end of the
synthesis to remove residual CTAB.

4.2.2 Elemental Characterisation

The elemental maps taken in the EDS-TEM in Utrecht are shown in Figure 4.8. There

Figure 4.8: TEM-EDS Measureement of Au@Pd core@shell nanocube
by Ali Kosari

is clearly a thin Pd shell on the surface which can be seen in red in Figure 4.8 b. The



Chapter 4. Results and Discussion 42

Pd signal is much stronger on the surface than in the core indicating that it is indeed
an Au@Pd core@shell nanocube.

Further elemental analysis was carried out using a SEM-EDS system. A linescan
was drawn through the center of a nanocube which can be seen in Figure 4.9a. The

Figure 4.9: a. SEM-EDS data linescan on Au@Pd nanocube shown b.
linescan plot, c. normalized smoothened linescan plot, d. EDS spectrum

core@shell structure can be identified through analysis of the linescan (Fig. 4.9a,b,c).
These figures depict the same data; however c is a normalized and smoothed version.
This is to clearly show how the shell can be identified by the shape of the Pd curve with
respect to the Au. The Pd has peaks on the edges which are due the shell providing
a higher Pd signal because Au is not present in this region. The linescan data is
accompanied by an EDS spectrum (Fig 4.9d) which further confirms that Au@Pd
nanoparticles have been obtained.

4.2.3 Structural Characterisation

The HRTEM image shown in Figure 4.10 a depicts a continuous fringe pattern through
the entire particle suggesting the lattice matching of the core and shell [80]. Further-
more, this is evidence of epitaxial growth of the Pd shell. In HAADF-STEM mode the
core and shell could be identified through differences in the Z contrast. As anticipated,
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Figure 4.10: a. High resolution TEM image of Au@Pd nanocube
showing continuous lattice fringes, b. HAADF-STEM image of Au@Pd

nanocube showing Pd shell due to Z contrast

the Pd shell shows lower contrast compared to the bright white Au core shown in Fig-
ure 4.10 b. In initial imaging it became clear that corners of the shells were thicker
than the sides. Furthermore, the thickness of the shell was non uniform from corner
to corner and side to side. For these reasons a measurement for each corner and each
side was taken for 36 cubes to obtain an average corner and side thickness for each
cube. The shell thickness distribution is displayed in Figure 4.11. Despite the thickness

Figure 4.11: Bar chart of frequency percent versus shell dimension for
both corner thickness and side thickness obtained from HAADF-STEM

imaging of Au@Pd core@shell nanocubes

dispersity, in general the shell thickness is in the realm of what is desired to optimize
the trade-off between the plasmon screening and required thickness for the Pd shell to
enhance catalysis, which is between 1 and 3 nm. The mean corner thickness obtained
is 2.68 ± 0.911 nm and the average side thickness is 1.75 ± 0.582 nm. Furthermore, a
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size distribution analysis was carried out on the Au nanocubes prior to Pd overgrowth.
The mean size of the Au nanocube obtained is 65 ± 3.3nm. The data obtained from

Figure 4.12: Bar chart of frequency percent of core side dimension
obtained from SEM images of Au nanoparticles and calculated in ImageJ

the size distribution analysis was input to the FDTD simulations for more accurate
simulations. The simulation for the Au@Pd core@shell NCoM with the experimental
data input is shown in Figure 4.13 for an increasing spacer thickness.

Figure 4.13: Simulation of extinction of Au@Pd core@shell with size
data input NCoM with increasing dielectric spacer thickness
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4.3 Nanocavity Characterisation

4.3.1 Fabrication Results

To minimize losses during measurements the Au mirror should be as smooth as possible.
Furthermore, a smooth film makes it much easier to identify nanoparticles at low
magnification in the SEM and for the low-resolution extinction maps in the optical set
up. The spacer layer will follow the Au surface, so it is crucial to have a smooth mirror
layer. The base piranha and plasma cleaning steps were taken as precautions to ensure
that the substrates were clean and free of contaminants to ensure smooth deposition
of the following layers. Figure 4.14 shows SEM images taken of three films fabricated
on silicon substrates prepared using the same procedures described in 3.3.2 and 3.3.3
but the evaporation step varies. Figure 4.14a was evaporated using Polyteknik E-flex
e-beam physical vapour deposition with 5 nm Cr adhesion and 200 nm Au, Figure
4.14b was evaporated using Polyteknik E-flex e-beam physical vapour deposition with
5 nm Ti adhesion and 100 nm Au, and Figure4.14c was evaporated using Nanoontje
thermal evaporation with 5 nm Cr adhesion and 100 nm Au. An adhesion layer is

Figure 4.14: SEM images of Au mirror a. evaporated using Polyteknik
E-flex e-beam physical vapour deposition with 5 nm Cr adhesion 5 nm
Au b. evaporated using Polyteknik E-flex e-beam physical vapour de-
position with 5 nm Ti adhesion 5 nm Au c. evaporated using Nanoontje

thermal evaporation with 5 nm Cr adhesion 5 nm Au

required due to Au being a noble metal which therefore does not form intermetallic
oxide layers and does not adhere to silicon substrates well which have an SiO2 layer
on the surface. Conversely, both titanium (Ti) and chromium (Cr) bond easily with
the oxide layer thus have a strong adhesion to the substrate [81]. When the Au is
deposited on the metallic Ti or Cr an alloy is formed with a high bonding strength. As
more layers of Au are deposited the film becomes pure Au. From the results in Figure
4.14, although not quantitative, it is evident from the contrast visible in the SEM that
Figure 4.14a has a rough surface. Cr and Ti were tested as adhesion layers, with Ti
showing less contrast in Figure 4.14b than for Cr Figure 4.14a, but is still too rough
for the optical measurements to follow. Finally, a different deposition method was
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used, namely electric thermal evaporation as opposed to e-beam thermal evaporation.
This film obtained from this method displays almost no contrast between the grains in
Figure 4.14c.

One explanation for the difference in film quality between the e-beam evaporated
and electric current evaporation is the purity of the targets. The targets are placed
in boats days in advance of evaporation in the e-beam evaporator. Perhaps due to
evaporation of other materials the Au target could become contaminated. Whereas,
in the Nanoontje, the user directly inputs the required amount of pellets into the
boats and then into the evaporator for immediate use, thus decreasing the chance of
contamination.

4.3.2 Quality Factor

After the ligand exchange was carried out, cavities with 20 cycles of ALD (≈ 3 nm
Al2O3) were characterised. Measurements for an Au and Au@Pd nanocavity were taken
for comparison. Figure 4.15a,b display the measured Au and Au@Pd gap plasmon

Figure 4.15: Measured and Lorentzian fit of a. Au cavity and b.
Au@Pd cavity c. FWHM, Eres and Q factor obtained from fit

resonance respectively with a Lorentzian fit. As discussed in section 2.2.5, applying a
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Lorentzian fit enables the extraction of the FWHM and Eres. Using these values the
Q factor can be calculated according to,

Qfactor = Eres

FWHM
(4.1)

The Q factor for Au and Au@Pd cavities was calculated to be 15.8 and 13 respectively.
For an ≈ 70 nm Au nanocube on mirror Oksenberg et al. obtained a Q factor of 27.9
[38]. The nanocube in that measurement was capped with citrates, whereas in this
work both the Au and Au@Pd NCoMS have MBA adsorbed to the surface. The lower
Q factor obtained for the Au nanocavity in this work is probably due to the different
ligands on nanocube which can drastically change the FWHM and Eres.

Nevertheless, it is extremely promising for the Au@Pd NCoM that the Q factor
obtained is comparable to that of the Au NCoM. The Au@Pd cavity has a resonant
energy of 1.73 eV≈ 717 nm for an ≈ 3 nm spacer. According to simulations shown
in Figure 4.13 the resonant wavelength for this spacer and Pd shell thickness should
be further into the near-IR at ≈ 790nm. However, the simulations do not account
for ligands on the nanocube which make the effective spacer thicker, which explains
the blue shift observed in experiment. Furthermore, although the mean size of the
nanocubes was input in the simulation, the cube core and shell in this nanocavity
could be smaller or larger than the mean values, which can alter the resonant energy.

4.3.3 NCoM Modes

CL spectra were measured to understand how the modes change spatially throughout
the Au@Pd NCoM. Due to the sample charging, the spatial resolution is low, and
the black squares on the left side of figure 4.16 are due to some measurement artefact.
Nevertheless, this measurement is included to show how CL maps and spatially resolved
spectra can be a useful tool to understand more about the Au@Pd interface. Figure
4.16 shows that the two highest peaks for the gap mode (≈ 690 nm) are the orange and
purple spectra, obtained from pixels taken from the top left and bottom left corners
(see inset). The gap resonances obtained from pixels on the right corners are lower,
which was consistent for all spectra taken from all pixels on this side. Perhaps the
cube was not lying completely flat on the mirror, and the left side could couple better
to the cavity, or since the thickness of the shell is non uniform, perhaps it is thicker on
the right side of the cube.

Figure 4.17a shows an SEM image of the cube which the CL measurements were
conducted, accompanied with the CL map of the interband mode shown in Figure 4.17
e and the gap mode in Figure 4.17c both with a bandwidth of 30 nm. Similar to the
cube showing the interband mode in Figure 2.8, 4 bright spots can be seen in Figure
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Figure 4.16: CL spectra of Au@Pd NCoM taken at different positions
on cube (inset)

Figure 4.17: a.SEM image of Au@Pd NCoM b. CL map of modes at
530 nm with 30 nm band width c. CL map of modes at 670 nm with 30

nm band width

4.17b. These bright areas could represent the 4 corners of the nanocube, however due
to the low spatial resolution it can not be confirmed. Figure 4.17c resembles the gap
mode shown in Figure 2.8, with the bright fringes along the top and bottom of the cube.
Again, these measurements do not provide concrete evidence of the modes observed
in the Au@Pd NCoM but they do hint towards the results observed in literature for
modes in these systems.
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4.4 Plasmon Driven Chemistry

4.4.1 Controls

Prior to inducing reactions in the nanocavities, it is important to carry out control
measurements. Due to time constraints of this project, some control measurements
were not taken. However, it is critical to discuss the steps that should be carried out
preceding future reaction experiments so that more exact and quantitative data can
be extracted from the measurements.

Conduct Linescans on Cavities Prior to Ligand Exchange

The plasmon resonance lineshape is sensitive not only to chemical changes but also
structural changes in the nanocube itself. The Au cubes are citrate capped and the
Au@Pd cubes are CTAB capped. These capping ligands are not expected to un-
dergo reactions under 10 consectutive wavelength scans. Therefore large changes in
the lineshape are not expected with these capping agents on the surface (prior to lig-
and exchange) [38] If large changes are observed in the lineshape over 10 consecutive
scans with just citrates or CTAB on the surface of the cube, the lineshape change
could simply be due to structural changes on the cube. Therefore, it cannot be said
for measurements to follow that it is truly a reaction inducing changes in the lineshape
unless this control is performed. Furthermore, once the gap plasmon resonance energy
is known, only the required wavelengths of the gap mode can be probed to induce the
reaction. This results in avoiding the need to include wavelengths close to Au interband
excitations in the wavelength scan.

Surface Enhanced Raman Spectroscopy Measurement to Confirm Ligand
Exchange

Although the ligand exchange protocol that was followed is an overshoot for the re-
quired time for the ligand exchange followed by other groups [67–69], surface enhanced
raman spectroscopy (SERS) should be used to identify the metal-bound molecules.
Both CTAB and MBA have distinct Raman spectra, therefore it would be discernible
if the exchange was successful. This technique can be used due to the enhanced near
field generated by the plasmonic nanostructure and so on resonance measurements
provide the strongest signal.

Induce Reaction on Au Nanocavities

To claim that the Pd shell improves catalysis, control reactions should also be con-
ducted on Au nanocavities. This would uncover if the Au@Pd enhances reaction rates
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compared to Au, and further that the Au@Pd cavity may unlock a completely new
reaction pathway compared to bare Au.

4.4.2 Measurements

Measurements were carried out on Au@Pd cavities with a ≈ 3 nm spacer layer. Mea-
surements were induced and monitored on 5 individual nanocavities by conducting 10
consecutive wavelength scans from 500-780 nm on each cavity as shown in Figure 4.18a.

Figure 4.18: a. Raw reaction data from 10 consecutive wavelength
scans on single nanocavity from 500 - 780 nm. b. Extracted gap plasmon

resonance from a with Lorentzian fit

Figure 4.18b displays how the gap resonance is extracted from the data, put on an
energy scale, and fitted with a Lorentzian to obtain the FWHM and Eres for each scan.
The other cavity measurements are in the appendix.

Measurement Analysis

To resolve the process on an energy scale, the change in FWHM between the 1st and 10th

scan (∆Γres) vs. the resonant energy of the 1st scan (Eres) is plotted and is displayed
in Figure 4.19a. Similarly, the change in resonant energy between the 1st and 10th scan
(∆Eres) vs. the resonant energy of the 1st scan (Eres) is plotted in Figure 4.19b. Each
square represents a single cavity.

Before using this data to make claims about if and what reaction is happening, and
furthermore what the baseline noise level is, it is important to check if changes in the
FWHM and Eres are consistent throughout the scans. A change between the 1st and
10th scan is expected, however changes in the interim should be in the same direction.
Figure 4.20a shows the FWHM obtained from each scan for 5 cavities. There is no
clear trend in the FWHM from the 1st to 10th scan as the FWHM oscillates from scan
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Figure 4.19: (a) Change in FWHM between the 1st and 10th scan
(∆Γres) vs. the resonant energy of the 1st scan (Eres) (b) Change in
resonant energy between the 1st and 10th scan (∆Eres) vs. the resonant

energy of the 1st scan (Eres). Each square represents a single cavity.

Figure 4.20: a Normalized FWHM plotted for each cavity for each
scan b Normalized resonant energy plotted for each cavity for each scan
c Trendline obtained for normalized resonant energy plotted for each

cavity for each scan

to scan. The changes observed are due to poor Lorentzian fitting of the measurements
because the low signal of the measurements. Moreover, the Pd shell makes the curve
less ’Lorentzian’ in shape, and so the fitting is not perfect. The fitting quality varied
a lot from scan to scan. This means that some scans had a good fit and others had a
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poor fit. The change in quality of the fitting for each scan means that any changes seen
in the FWHM cannot be taken as data that can be used to understand the reaction
process.

However, in Figure 4.20b, there is a trend observed for the change in resonant
energy throughout the scans for cavity 1, 4 and 5. The Lorentzian fitting was much
more stable for acquiring the correct resonant energy. Figure 4.20c shows the plotted
trend lines for the normalized Eres, which for cavity 1 and 4 is increasing, thus a blue
shift in resonant energy is induced by the process happening at the surface. Although
cavity 3 is unstable, in general the trend is also blue shifting. As discussed in section
2.2.4, assuming changes in the lineshape are due to a reaction, a blue shift implies
that the product is more electron withdrawing than the reactant or that the reactant
desorbed from the nanoparticle. Since the COOH group of MBA is already strongly
electron withdrawing, the product must have an even stronger withdrawing group. This
could include an aldehyde or ester. Cavity 5 also has some instability but overall, the
trend decreases, meaning that the process is inducing a red shift in resonant energy.
This suggests that the product is more electron donating than the reactant. This
could be the MBA undergoing decarboxylation to produce thiophenol. This reaction is
commonly observed on plasmonic Au at 785 nm [67–69]. The COOH group is replaced
with a H, which is less electron withdrawing. Cavity 2 does not seem to follow any
trend. However due to the varying resonant energies of the cavities in this work it
is possible to have different chemical reactions assuming that the reaction pathway is
energy dependent.
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Chapter 5

Conclusions and Outlook

Au@Pd NCoMs have shown to be a promising route for studying plasmon driven chem-
istry. Despite the plasmon damping due to the Pd shell, a strong and relatively sharp
gap plasmon resonance is observed, with a quality factor of 13.8. Due to time con-
straints of the project all necessary controls prior to reaction measurements were not
taken. During the measurement analysis it was assumed that a reaction took place in
the cavity, although due to the lack of control measurements this cannot be confirmed.
In future work on the system these should be performed before inducing reactions.

Furthermore, according to simulations, a wide range of resonant energies can be
targeted by changing the thickness of the spacer. Many more measurements (in the
order of hundreds) should be taken with a range of spacer thicknesses to span the
VIS-NIR range to obtain a full picture of the MBA reactivity landscape. Cavities with
resonant energies that match the resonant energies shown to exhibit large changes
in the linshape in the reactivity landscape should then be identified. These cavities
can be probed using SERS to identify the products of the reaction at those energies.
By combing the reactivity landscape of MBA with SERS measurements the reaction
mechanism could be understood.

Nevertheless, the Au@Pd NCoM is a suitable platform for hydrogen detection. The
narrow gap plasmon resonance allows for high resolution for detecting small changes
in hydrogen concentrations. For subsequent studies on the system, an experiment
could be conducted to first check the sensitivity of the Au@Pd NCoM to changes
in concentration of hydrogen gas flow by tracking changes induced to the lineshape.
Moreover, the detection limit of the sensor could be discovered by using very low
concentrations of hydrogen to test at what point changes in the lineshape are no longer
observed. Also, it would be interesting to see if there is a particular cavity resonance
energy that is more sensitive to hydrogen adsorption and desorption.

Although, this work has not explored the enhanced plasmonic photocatalysis en-
abled by the Au@Pd NCoM compared with a Au NCoM, the cavities are ready to
conduct these measurements. Formic acid dehydrogenation would be an interesting
reaction to study as it has been proposed as a hydrogen storage material. Colloidal
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Au@Pd nanorods have shown enhanced and selective formic acid dehydrogenation.
However, studying the process in a Au@Pd NCoM would be insightful to explore the
dependence of the reaction pathway, rate and selectivity on the resonant energy of the
cavity probed.

Moreover, conducting more CL measurements on the cavities would uncover how the
modes change spatially in the Au@Pd NCoM structure with varying shell thicknesses
and spacer thicknesses. These results could shed light on how the plasmon resonances
behave at the interface of the metals.

In conclusion, the Au@Pd NCoM is an interesting system from both a fundamental
and applied standpoint, and there are many more exciting experiments to be carried
out to unlock the potential of this system.
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Appendix A

Measurement Data from Section
4.4.2

Figure A.1: Cavity 1: a. Measurement b. Gap resonance extraction
c. Lorentzian fit of gap resonance d. FWHM for each scan e. Resonant

energy for each scan
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Figure A.2: Cavity 2: a. Measurement b. Gap resonance extraction
c. Lorentzian fit of gap resonance d. FWHM for each scan e. Resonant

energy for each scan

Figure A.3: Cavity 3: a. Measurement b. Gap resonance extraction
c. Lorentzian fit of gap resonance d. FWHM for each scan e. Resonant

energy for each scan
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Figure A.4: Cavity 4: a. Measurement b. Gap resonance extraction
c. Lorentzian fit of gap resonance d. FWHM for each scan e. Resonant

energy for each scan

Figure A.5: Cavity 5: a. Measurement b. Gap resonance extraction
c. Lorentzian fit of gap resonance d. FWHM for each scan e. Resonant

energy for each scan
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